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RESUMEN  
Esta tesis doctoral trata varias cuestiones pendientes en la estructura poblacional de las 
poblaciones del mejillón Mytilus galloprovincialis que habitan las costas de Marruecos y que 
son necesarias para llevar a cabo un plan de gestión genética de este recurso genético. A lo 
largo de cuatro capítulos, los pooles genéticos de mejillón presentes en Marruecos se ponen 
en relación con otros pooles presentes en el mundo, bien basándose en estudios previos 
llevados a cabo con marcadores moleculares, bien en la variación observada con 
microsátelites descrita aquí a todas las escalas geográficas.  
El capítulo I trata la variación observada con microsatélites en las poblaciones de mejillón que 
habitan el Mar de Alborán, una zona de transición biogeográfica para muchas especies, entre 
el Atlántico y el Mediterráneo. Los marcadores microsatélites muestran un flujo génico 
limitado entre las poblaciones de mejillón de las costas Atlánticas ibéricas y los de las costas 
marroquís (FST±SD = 0.041±0.002). Esta divergencia latitudinal en la zona biogeográfica 
Gibraltar-Alborán nos indica heterogeneidad genética que es probablemente debida a la 
interacción entre la capacidad dispersiva larvaria y el complejo patrón de condiciones físicas y 
corrientes oceanográficas de esa zona. 
El capítulo II extiende la reducida escala geográfica estudiada en el capítulo previo a toda la 
costa de Marruecos, para establecer el número de pooles génicos locales. Se observan dos 
pooles génicos divergentes en Marruecos (FST±SD = 0.038±0.010): un grupo de poblaciones 
confinado en el Mar de Alborán y otro que se extiende a lo largo de la fachada Atlántica 
marroquí. El conocido como Frente Oceanográfico Almería Orán (AOOF) se aplica para 
establecer la divergencia relativa entre los pooles génicos (FST±SD = 0.074±0.010) que se 
encuentran en esa latitud: el Mediterráneo, el Atlántico Marroquí y el Atlántico Ibérico. La 
importancia de la existencia de varios pooles génicos en contacto, se discute en términos de 
dinámica biogeográfica, así como también su implicación en la gestión genética de las 
poblaciones de mejillón cultivadas en el norte de Marruecos.  
El capítulo III está motivado por la dificultad para identificar el número de pooles génicos de 
Mytilus galloprovincialis en el mundo, debido a su cercanía genética a otras especies del 
género. Este hecho impulsó a aislar nuevos marcadores microsatélites del chorito o mejillón 
chileno (Mytilus chilensis) y a testar su amplificación en el resto de especies congenéricas. La 
ausencia de amplificación interespecífica y/o de polimorfismo de la mayoría de los 
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microsatélites de M. chilensis en el género, permite proponer un estatus taxonómico propio 
para esta especie. 
En el capítulo IV se aborda el muestreo a escala mundial para determinar el número de stocks 
de M. galloprovincialis. Se identificaron cinco unidades génicas bien justificadas, que 
mostraron un gran divergencia entre ellas (FST±SD = 0.096±0.012), posiblemente resultado de 
la hibridación (M. galloprovincialis x M. trossulus en las costas de California) y de la deriva 
(e.g. el stock japonés). El porcentaje de variación respecto a otras especies congenéricas fue 
elevado (M. galloprovincialis vs. M. trossulus, M. edulis y M. chilensis, i.e. 24.16 %, 10.22 % 
y 6.17 %, respectivamente). Por otra parte se confirma también con microsatélites la presencia 
de M. galloprovincialis en la costa central Chile. La genética de poblaciones de mejillón 
abordada en esta tesis, puede resultar muy útil para la incipiente gestión acuícola de sus 
poblaciones en Marruecos (detección de deriva, heterosis, etc.) así como para la gestión y 
conservación de pesquerías (mantenimiento de diversidad genética zonal) o para la 
trazabilidad comercial de los stocks de mejillón.  
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RÉSUMÉ  
La présente thèse vise à répondre au plusieurs problématiques concernant la structure des 
moules s’installant au long des côtes marocaines, d’une manière à bien gérer et maintenir les 
ressources halieutiques au Maroc. Suivant les quatre chapitres, les pools génétiques des 
moules marocains sont mis en relation avec les pools génétiques des moules du monde entier, 
en se basant sur les études antérieures utilisant les marqueurs moléculaires et les présents 
marqueurs de type microsatellites appliqués sur toutes les échelles géographiques.  
Le chapitre I est consacré à la variation génétique de microsatellites  chez les populations des 
moules distribués dans la Mer de l’Alboran, une zone de transition biogéographique entre 
l’Atlantique et la Méditerranée pour plusieurs espèces. Les microsatellites ont discerné un 
flux génétique limité entre les populations de côtes de l’Atlantique de la péninsule Ibérique et 
celles des côtes marocaines (FST±SD = 0.041±0.002). Cette divergence latitudinale à 
l’intérieure de la même zone océanographique révèle une hétérogénéité génétique des 
populations autour de la zone biogéographique Gibraltar-Alboran, qui est probablement 
concrétisé avec une dispersion larvaire contrôlé par les propriétés physiques et 
océanographiques dans cette région.  
Le chapitre II s’élargit sur toutes les côtes marocaines visant à établir le nombre réel des pools 
génétiques des moules habitant dans cette région. Deux pools génétiques majeurs (FST±SD = 
0.038 ± 0.010) ont été observé au Maroc, un group des populations confiné à la Mer de 
l’Alboran et l’autre s’étendant le long de la façade Atlantique marocaine. Le front 
océanographique Almeria-Oran a été servi pour établir la divergence relative entre les pools 
génétiques (FST ± SD = 0.074 ± 0.010) existant dans cette région: le pool Méditerranéen, le 
pool Atlantique marocain et le pool Atlantique ibérique. L’importance des concomitants pools 
génétiques dans cette région a été discutée aussi que du point de vue de la dynamique 
biogéographique et de son implication dans la gestion génétique dans l’aquaculture au nord du 
Maroc. 
Le chapitre III a été motivé par la difficulté pour l’identification du nombre des pools 
génétiques de Mytilus galloprovincialis autour du monde, due à sa proximité avec les autres 
espèces sœurs. Ceci nous a conduits à isoler des nouveaux microsatellites polymorphes à 
partir de la moule Chilienne (Mytilus chilensis) et de tester leur cross-amplification chez les 
autres espèces. La défaillance de l’amplification de la plupart des microsatellites chez les 
autres espèces du genre Mytilus permet l’attribution d’un statut génétique  propre pour la 
moule du sud Chilien M. chilensis à l’intérieur de ce genre. 
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Le chapitre IV établi sur une macro-échelle échantillonnage autour du monde a été développé 
pour décrire le nombre des stocks divergent de Mytilus galloprovincialis. Cinq régionaux 
pools génétiques autour du monde ont été mis en évidence montrant une large divergence 
génétique entre eux (FST±SD=0.096±0.012) comme résultats de l’hybridation (M. 
galloprovincialis x M. trossulus dans les côtes de la Californie) et la dérive (e.g. les stocks 
japonais). Le pourcentage de la variation était élevé entre les quatre espèces (M. 
galloprovincialis vs M. trossulus, M. edulis et M. chilensis, i.e. 24,16 %, 10,22 % et 6,17 % 
respectivement), et la présence de M. galloprovincialis dans la Chile centrale a été clairement 
établi dans cette étude. L’information de la génétique des populations présentée dans cette 
thèse est utile pour l’émergente aquaculture des stocks de M. galloprovincialis au Maroc (la 
détection de la dérive,  les stocks hétérosis, etc.) et aussi pour la restauration et la conservation 
de la pêcherie (l’amélioration de la diversité génétique), et pour la traçabilité moléculaire des 
stocks commerciaux des moules. 
 
 ix 
 
ABSTRACT 
The current thesis addresses several pending questions on the population structure of the 
mussel Mytilus galloprovincialis inhabiting the Moroccan shores that are required to work out 
a proper population management of this Moroccan genetic resource. Throughout the four 
chapters, the Moroccan mussel gene pools are put in relation to other world-round mussel 
gene pools both, based on previous knowledge afforded with molecular markers as well as on 
present microsatellite variation described at large geographical scales. 
Chapter I addresses microsatellite variation of mussel populations inhabiting the Alboran Sea, 
a biogeographic transition zone between the Atlantic and the Mediterranean for many species. 
Microsatellites markers unveiled a limited gene flow between mussels from Atlantic Iberia 
coasts and those from Morocco coasts (FST±SD = 0.041±0.002). This latitudinal divergence 
within the same oceanographic area tells about a population genetic heterogeneity around the 
Gibraltar-Alboran biogeographic zone that is likely shaped by larvae dispersal ability under a 
complex physical and oceanographic current pattern in the area. 
Chapter II enlarges the reduced geographical scale addressed in the previous chapter to the 
whole Moroccan coast, aiming to establish the true number of gene pools inhabiting this area. 
Two major divergent genetic pools (FST±SD = 0.038±0.010) were observed in Morocco, one 
group of populations confined to the Alboran Sea and other one extending along the Atlantic 
Moroccan façade. The well-known Almeria Oran Oceanographic Front (AOOF) served at 
establishing the relative divergence among gene pools (FST±SD = 0.074±0.010) colliding in 
this area: the Mediterranean pool, the Atlantic Moroccan pool and the Atlantic Iberian pool. 
The importance of concomitant genetic pools in this area is discussed in terms of basic 
biogeographic dynamics as well as on its implication on the genetic management of mussel 
aquaculture pools in northern Morocco. 
Chapter III is motivated by the difficulty at identifying the number of world gene pools of 
Mytilus galloprovincialis due to its closeness to other sister species. This fact led us to isolate 
new polymorphic microsatellites from the Chilean blue mussel (Mytilus chilensis) and to 
cross-species testing of its amplification. Failure of most M. chilensis microsatellite primers to 
amplify in other species of genus Mytilus or being monomorphic, allowed to consider a 
proper genetic status to the southern Chilean blue mussel M. chilensis within this genus. 
Chapter IV addresses a world-wide macro-scale sampling study was developed to depict the 
number of divergent stocks of M. galloprovincialis. Five well supported world regional gene 
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pools were found showing a large genetic divergence among them (FST±SD = 0.096±0.012) as 
a result of hybridisation (M. galloprovincialis x M. trossulus at Californian coasts) and drift 
(e.g., the Japanese stock). Percentage of variation was large between the four species 
considered (M. galloprovincialis vs. M. trossulus, M. edulis and M. chilensis, i.e. 24.16%, 
10.22% and 6.17%, respectively), and the presence of M. galloprovincialis in Central Chile 
was patently established after this study. The population genetic information offered in this 
thesis is useful to the incipient aquaculture management of Mytilus stocks in Morocco (drift 
detection, across-stocks heterosis, etc.) as well as for fishery restoration and conservation 
(zonal enhancement of gene diversity), of for the molecular traceability of commercial mussel 
stocks. 
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Generalidades taxonómicas sobre el género Mytilus 
El phylum Mollusca es uno de los mayores grupos del reino animal y comprende más de 
50.000 especies descritas, de las que 30.000 son acuáticas. Las especies de mejillones son 
consideradas las más cosmopolitas entre las marinas, pues están presentes en estuarios y 
zonas intermareales de todos los océanos y mares (Gosling 2003). Esta amplia distribución, 
combinada con el efecto de la diversidad ambiental local sobre la forma de la concha, se 
traduce en una confusa clasificación taxonómica clásica basada en caracteres morfológicos 
(Seed 1968). En este sentido, la sistemática del género Mytilus presenta una dificultad añadida 
para la clasificación de especies debido a la gran plasticidad fenotípica, que genera una amplia 
variabilidad de caracteres morfométricos, siendo muy pocos aquellos fiables para la 
clasificación específica (Kaprivka et al. 2007). El verdadero estatus de especie en este género, 
no se obtuvo hasta la comprobación de la integridad genética de cada forma en áreas 
geográficas amplias (Koehn et al. 1991). No obstante, la definición de especie en este género 
continúa siendo un elemento de discusión fundamental, dado que el alto potencial de 
dispersión de sus larvas planctónicas permite la formación de zonas híbridas estables allá 
donde dos de estas especies solapan (McDonald et al. 1991). 
Distribución del género Mytilus 
Los mejillones del género Mytilus son organismos presentes en todas las costas rocosas del 
planeta. Se han descrito varias especies dentro de este género (M. galloprovincialis Lamarck 
1819, M. edulis L. 1758, M. trossulus Gould 1850, M. californianus Conrad 1837 y M. 
chilensis Hupe 1854), que se distribuyen latitudinalmente en función de diversos factores 
ambientales (clima, temperatura, salinidad, corrientes, etc.). Se considera que el mejillón 
mediterráneo, Mytilus galloprovincialis, es la especie con la mayor cobertura en ambos 
hemisferios (Varvio et al. 1988, Wonham 2004) y se encuentra de forma natural en el 
Mediterráneo y el norte de África (Comesaña et al. 1998, Daguin et al. 1999, Jaziri y 
Bennazzou 2002, Ouagajjou et al. 2010) y en las costas atlánticas europeas hasta el sudoeste 
de Gran Bretaña. También se distribuye en otras regiones del planeta, donde se asume que fue 
introducido, tales como el pacífico Norte (McDonald y Koehn 1988), Australia (McDonald et 
al. 1991), Japón y Sudáfrica (Seed 1992) y Chile (Cárcamo et al. 2005, Toro et al. 2006). 
Introducción 
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El resto de especies de este género tienen una distribución más restringida, M. edulis se 
distribuye en el noroeste y el noreste atlánticos (Gosling 1992 a, 2003), M. trossulus se limita 
a zonas más septentrionales del hemisferio norte, con extensión hacia aguas del Báltico y del 
Ártico (Gosling 2003), M. californianus está confinado a las costas del Pacífico 
norteamericano (Seed y Suchaneck 1992), y el mejillón chileno M. chilensis se distribuye en 
el sur de Chile (Toro 1998) tal como ha sido recientemente confirmado con marcadores 
alozímicos (Toro et al. 2006) y microsatélites (Ouagajjou et al. 2011).  
Se han descrito también otras especies del género Mytilus, tales como M. planulatus Lamarck 
1819 en Australia, M. desolationis Lamy 1936 en las Islas Kerguelen, M. platensis d' Orbigny 
1846 en Argentina y M. coruscus Gould 1837 en China y Japón. Sin embargo, la reciente 
aplicación taxonómica de marcadores moleculares nucleares y mitocondriales, ha permitido 
reclasificar algunas de las formas anteriores dentro de las especies clásicas, i.e. M. planulatus 
y M. coruscus como M. galloprovincialis, o M. desolationis y M. platensis como M. edulis 
(e.g., Gosling 1992). 
 
Figure 1. Distribución global de los mejillones del género Mytilus (Gosling 2003) 
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Factores que afectan a la distribución poblacional de género Mytilus 
La temperatura, la salinidad y las corrientes son los factores que más afectan a la distribución 
de las especies marinas y en particular de los bivalvos. Afectan tanto a su distribución 
espacial como a diversos aspectos biológicos como la alimentación, la reproducción, el 
crecimiento, la respiración o la osmorregulación y la interacción con parásitos (Gosling 
2003). Se piensa que la temperatura desempeña un papel más importante que la salinidad en 
la amplia distribución geográfica de estas especies. Sin embargo, la salinidad puede ser el 
factor más limitante en algunas zonas costeras y en estuarios. De este modo, la sinergia de 
ambos factores puede tener consecuencias notables especialmente cuando interactúan con 
otras variables ambientales, como el tipo de sustrato, la disponibilidad de alimento, la 
profundidad del agua y la presencia de depredadores y competidores (Gosling 2003). 
Específicamente, las rocas resistentes y sólidas más expuestas al oleaje y a las corrientes, son 
los sustratos preferidos por el mejillón M. galloprovincialis, en los que ocupa las partes más 
expuestas con mayor flujo y oxigenación. No obstante, las corrientes no siempre favorecen 
este proceso sino que pueden obstaculizar el reclutamiento larvario la fijación de juveniles 
(Aghzar et al. 2012a, b). 
Aparte de los factores ambientales, existen otros condicionantes biológicos que afectan a la 
distribución del mejillón, tales como los depredadores (aves, peces, crustáceos, equinodermos, 
platelmintos, algunos moluscos y los seres humanos). Particularmente son depredadores 
directos y estacionales los caracoles del género Nucella (N. lapillus, N. canaliculata y N. 
emarginata) las estrellas de mar (Asterinidae), y los cangrejos (Cancer sp.) de las zonas 
sublitorales (Suchanek 1981). La mitilicultura extensiva practicada por los humanos también 
determina la abundancia y distribución de esta especie, aunque su introducción en nuevas 
áreas no está exenta de polémica por tratarse de un organismo de alta adaptabilidad. Esta 
plasticidad fenotípica hace de M. galloprovincialis uno de los competidores interespecíficos 
más destacados del intermareal medio y bajo. Bien conocida es la situación de M. 
galloprovincialis en Sudáfrica, donde tras su introducción ha sido capaz de eliminar 
prácticamente a Aulacomya ater y es un vigoroso competidor actual den Perna perna 
(Griffiths et al. 1992). 
El status taxonómico del los mejillón marroquí 
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La franja litoral de la costa marroquí es un valioso patrimonio de recursos marinos vivos, con 
una fachada mediterránea que ocupa 460 km desde Tánger a Saidia y una fachada atlántica 
que ocupa 2.500 km desde Tánger hasta la Lagouira. Las costas marroquíes se consideran un 
importante hábitat para dos géneros de mejillones, Mytilus y Perna. Su distribución a ambos 
lados del Estrecho de Gibraltar, así como su estatus taxonómico, fueron problemáticos 
durante mucho tiempo. La elevada plasticidad fenotípica y el número de especies de estos dos 
géneros ha resultado en una clasificación morfométrica clásica confusa, tanto en Mytilus 
(Seed 1972, Skibinski 1983, Mcdonald et al. 1991) como en Perna (Siddall 1980, Shafee 
1989 y 1992). Aunque M. edulis se considerada la especie por excelencia del Atlántico 
(Gosling 1984, 1992a, Seed 1992) y M. galloprovincialis la especie mediterránea, no es 
posible asignar especies eurioicas siguiendo criterios biogeográficos o caracteres fenotípicos 
muy plásticos; de hecho M. galloprovincialis ha sido claramente identificada en varias áreas 
del Atlántico Norte (e.g. Skibinsky 1985) y del Pacífico norte (e.g. California, Gosling 1992 a 
1994, McDonald et al. 1991). Durante los años 70 y 80 del siglo pasado se sugirió que la 
especie de Mytilus de las costas norte y sur africanas era M. edulis mientras que M. 
galloprovincialis ocupaba la cuenca mediterránea (Seed 1976, 1978, Berger 1983, Suchanek 
1985). Otros sugerían sin embargo que era la especie M. galloprovincialis la que se extendía a 
lo largo de la costa atlántica marroquí (Lubet 1973, Zouali 1973, Lubet et al.1984), estudios 
morfométricos que coincidían con otros en ecología marina según los cuales M. 
galloprovincialis habría colonizado las costas del norte de África y del Mediterráneo (Prunus 
et Pantoustier 1974, Romdhane and Chakroun 1986, Abada-Boudjema et al 1995). La 
ausencia de datos fiables es probablemente la razón por la cual varias revisiones recientes 
sobre sistemática y distribución geográfica de M. galloprovincialis no mencionan la especie 
de Mytilus existente a las costas del norte de África (Koehn 1991, Gardner 1992, Gosling 
1992a, b, 1994, Seed 1992). Comesaña et al. (1998), utilizando cuatro alozimas parcialmente 
diagnóstico de especie (Esterasa-D, Leucina aminopeptidasa-1, Manosa fosfato isomerasa y 
Octopina deshidrogenasa). demostraron la presencia inequívoca de M. galloprovincialis en 
Marruecos en los dos frentes (Alborán y Atlántico) y la ausencia de M. edulis en estas 
latitudes. Daguin y Borsa (1999), efectuaron la caracterización genética del mejillón del 
noroeste de África usando el polimorfismo del intrón del gen Mac-1 (Ohresser et al. 1997). 
Sus resultados revelaron una diferencia aparente entre el M. galloprovincialis de Marruecos y 
Mauritania y una población pura de M. edulis del norte de Europa. Otro estudio efectuado en 
Marruecos por Jaziri y Benazzou (2002) empleando trece sistemas alozímicos mostró 
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claramente la distribución de M. galloprovincialis en las costas atlánticas y mediterráneas 
marroquís. Más recientemente, un estudio elaborado en el sur de Marruecos (Agadir) por 
Korrida et al. (2010) con la región codificante del ADN mitocondrial (Citocromo C-Oxidasa 
I), constató la presencia de esta única especie en esta región. Sammer et al (2008) utilizando 
marcadores nucleares y mitocondriales, han establecido la sola presencia de M. 
galloprovincialis (Glu-5’) en el norte marroquí, mientras que el marcador mitocondrial indica 
que estas poblaciones esatrían introgresadas con el genoma de M. edulis norte-europeo. 
La genética de poblaciones marinas con marcadores moleculares 
La genética de poblaciones marinas es un dominio de investigación en franca expansión 
debido a diversos aspectos aplicados tales como la gestión de stocks, la acuicultura, la 
creación de reservas o la protección de la biodiversidad costera. Las especies acuáticas con 
grandes tamaños poblacionales y gran dispersión larvaria deberían ser genéticamente 
homogéneas a largas distancias (Buroker et al. 1979). Los cambios genéticos que ocurren 
dentro de poblaciones locales, ya sean debidos a la deriva genética o a su modelo 
reproductivo, pueden ser superados rápidamente gracias al flujo génico entre poblaciones 
adyacentes. Sin embargo, esta asunción ha sido rápidamente cuestionada en varios estudios 
que demuestran la existencia de estructuras genéticas en especies marinas (Scheltema 1975, 
Burton 1983) y especialmente en moluscos (Hedgecock 1994, Palumbi 1994, David et al. 
1997). Las fuentes de heterogeneidad genética pueden ser de dos clases principales, procesos 
deterministas (selección natural) o estocásticos (deriva genética). Esta variación genética entre 
poblaciones de mejillón está relacionada a menudo con variables ambientales específicas o 
barreras oceanográficas, y en los últimos años se han caracterizado varios pooles génicos 
alopátricos gracias al uso de diferentes marcadores genéticos (e.g., microsatélites, Diz y Presa 
2008). En este sentido los mejillones cuya dispersión larvaria planctónica se asume elevada, 
son especies muy utilizadas como modelo en estudios de estructuración genética costera (Diz 
y Presa 2009).  
Los marcadores genéticos se han utilizado para estudiar la filogenia, la estructura genética, la 
taxonomía y la ecología de los mejillones del género que Mytilus durante las últimas décadas, 
tanto a escala intraespecífica como interespecífica (e.g., Varvio et al. 1988, Koehn et al. 1991, 
McDonald et al. 1991). Por ejemplo los estudios poblacionales previos efectuados con 
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alozimas y ADN mitocondrial (Quesada et al. 1995, Sanjuan et al. 1996) o con microsatélites 
(Diz y Presa 2008) han puesto de manifiesto la existencia de dos pooles génicos de M. 
galloprovincialis en el sur de Europa, uno atlántico, que se extiende sin discontinuidad desde 
la Bahía de Vizcaya hasta el mar de Alborán, y otro en el Mediterraneo. Diversas 
investigaciones han caracterizado una discontinuidad oceanográfica marcada, que establece el 
límite oriental de las aguas atlánticas en el frente oceanográfico de Almería (España) y Oran 
(Argelia), en el extremo oriental del Mar de Alborán (e.g. Tintoré et al. 1991). Este frente 
oceanográfico es una de las barreras marinas mejor estudiadas y con mayor influencia en los 
escenarios filogeográficos de muchas especies marinas. De hecho representa la divisoria entre 
dos pooles génicos atlántico y mediterráneo. Este scenario ha sido observado en muchas 
especies, tales como las vieiras Pecten jacobaeus y P. maximus (Ríos et al. 2002), el 
euphausido Meganyctiphanes norvegica (Papetti et al. 2005, Zane et al. 2000), los cirrípedos 
Chthamalus montagui and C. stellatus (Pannacciulli et al. 1997), la sepia Sepia officinalis 
(Pérez –losada et al. 1999), o en peces como el atún Thunnus alalunga (Viñas et al. 2004) o la 
cabrilla mediterránea Serranus cabrilla (Schunter et al. 2011) 
Muchas de esas limitaciones al flujo génico entre poblaciones marinas se han detectado con 
marcadores nucleares microsatélites. Los microsatélites son secuencias repetidas en el 
genoma con una longitud de 1 a 6 pares de bases repetidas en tándem (e.g., Estoup et al. 
1993). Se denominan también Simple Sequence Repeats (SSR), Variable Number Tandem 
Repeats (VNTR) y Short Tandem Repeats (STR). En el caso de bivalvos, los microsatélites se 
han utilizado con éxito en estudios de genética de poblaciones (Presa et al. 2002, Tarnowska 
et al. 2010) gracias a su nivel de resolución intraespecífica en la detección de efectos 
bottleneck (Launey et al. 2001), cambios en el tamaño efectivo de las poblaciones (Appleyard 
and Ward 2006), deriva genética (Ni et al. 2011) y análisis de parentesco (Wang et al. 2010) y 
más raramente en tareas interespecificas como la caracterización de especies de bivalvos 
(Popa et al. 2011).  
Las regiones microsatélites se encuentran generalmente en ADN no codificante (no obstante 
véase Ranum y Day 2002, Cruz et al. 2005, Pérez et al. 2005) y por tanto se les supone el 
necesario comportamiento neutro en estudios de dinámica y estructura poblacional. En este 
sentido, las propiedades de la diferenciación genética observada entre poblaciones con 
microsatélites, han sido explicadas fundamentalmente por deriva genética y mutación, y se ha 
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considerado raramente la contribución potencial de la selección a esta diferenciación (Slate 
2000, Nielsen et al. 2006). 
 
 
Figura 2. Fundamento del polimorfismo de marcadores microsatélites (ejemplo de un motivo 
trinucleotídico, CTT).  
Los microsatélites se han convertido en los marcadores genéticos preferidos en estudios de 
microdiferenciación y gestión genética de poblaciones y conservación en muchas especies 
terrestres y marinas. La razón principal de esta popularidad es la gran facilidad para obtener 
rápidamente mucha información de polimorfismos genéticos en comparación con otros 
marcadores genéticos, ya sean mitocondriales o nucleares, tales como polimorfismos de 
nucleótido simple (SNP), o el polimorfismo de longitud de fragmentos amplificados (AFLPs) 
(Jane y Lagoda, 1996; Van Tienderen et al. 2002; Morin et al. 2004). Los microsatélites son 
especialmente aptos para detectar divergencia reciente entre taxones y especialmente entre 
aquellos que muestran baja variabilidad evolutiva para otros marcadores. Su elevada 
variabilidad permite además la asignación de los individuos a poblaciones y la evaluación del 
parentesco en poblaciones naturales y cultivadas (e.g. Jones and Ardren 2003). 
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Objetivos de la tesis doctoral 
 
La comprensión y aplicación de la genética poblacional de los mejillones distribuidos en las 
costas marroquíes, puede facilitar la gestión económica y ambiental de este recurso natural. 
El sector de la acuicultura en Marruecos tiene un potencial considerable y ya se han efectuado 
pruebas de cultivo de mejillones (mitilicultura) financiadas en 2006 por el Ministère des 
Finances et Privatisation. Sin embargo su implementación y desarrollo están plagados de 
múltiples restricciones socioeconómicas y también científicas. En este último sentido, en esta 
tesis doctoral se ha planteado a la comprensión de la genética poblacional del mejillón M. 
galloprovincialis en Marruecos y su relación con el resto de poblaciones mundiales. La 
consideración de su diversidad y estructura genética natural, como fuentes para su explotación 
sostenible, es el aspecto más destacable de los resultados aportados en este trabajo. En 
relación a esta utilidad práctica, los objetivos principales planteados en esta tesis son los 
cuatro siguientes: 
1. El conocimiento de la dinámica del flujo génico entre las poblaciones de mejillón de 
las costas Ibérica y marroquí en el Estrecho de Gibraltar y el Mar de Alborán. Este objetivo se 
abordó en el Capítulo I y corresponde al trabajo publicado: Ouagajjou, Y., Aghzar, A., 
Minambres, M., Presa, P., Pérez, M. 2009 Differential gene flow between populations of 
Mytilus galloprovincialis distributed along the Iberian and north African coasts. Thalassas: 
An International Journal of marine Sciences, 26 (2): 75-78. 
2. El establecimiento del patrón estructural genético poblacional del mejillón marroquí y 
del número de stocks naturales a lo largo de su costa. Este objetivo se abordó en el Capítulo II 
y corresponde al trabajo enviado: Ouagajjou, Y. and Presa, P. The connectivity of Mytilus 
galloprovincialis in northern Morocco: a gene flow crossway between continents. Submitted 
June 2013. 
3. El incremento de marcadores microsatélites para la adecuada resolución poblacional y 
la identificación de stocks dentro del género Mytilus. Estos objetivos se abordaron en el 
Capítulo III que se corresponde con el trabajo publicado: Ouagajjou, Y., Presa, P., Astorga, 
M., Pérez, M. 2011 Microsatellites of Mytilus chilensis: A genomic print of its taxonomy 
status within Mytilus sp. Journal of Shellfish Research, 30 (2): 325-330. 
4. La determinación del número de pooles génicos de Mytilus galloprovincialis en el 
mundo, de su grado de divergencia y de su relación con las poblaciones marroquís. Estos 
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objetivos se abordaron en el Capítulo IV que corresponde con el trabajo enviado: Ouagajjou, 
Y., Pérez, M. and Presa, P. Genetic divergence among world-wide stocks of Mytilus 
galloprovincialis: How many – How drifted? Submitted June 2013. 
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Généralités taxonomiques sur le genre Mytilus 
Le phylum des Mollusques est l’un des groups les plus vastes dans le royaume des animaux. 
Plus de 50000 espèces décrites dans ce phylum dont 30000 sont aquatiques. Les moules sont 
considérés parmi les espèces marines les plus cosmopolites présentent dans les estuaires et 
les zones intertidales des océans et des mers (Gosling 2003). Cette distribution répandue, 
combinée avec l’effet des environnements locaux sur la forme de la coquille (Seed 1968), a 
produit une taxonomie des espèces très déroutante surtout l’ancienne taxonomie qui a été 
basée sur les caractères morphologiques. La systématique du genre Mytilus pose un 
problème de détermination des espèces à cause d’une forte plasticité phénotypique 
génératrice d’une vaste variabilité des caractères morphométriques. Leur taxonomie a été 
considérablement modérée a cause de l’absence des caractères fiables pour une 
classification bien déterminée (Kaprivka et al. 2007). Le statut des espèces a part entière 
était assuré vu que chaque entité conserve son intégrité génétique dans des amples zones 
géographiques malgré l’occurrence des hybridations dans les régions où ils se chevauchent, 
et le potentiel de dispersion des larves planctoniques à longue distance (koehn et al 1991, 
Daguin and Borsa 2000). 
Distribution du genre Mytilus 
Les moules du genre Mytilus sont les organismes dominants des côtes rocheuses dans les 
hémisphères sud et nord. Plusieurs espèces ont été décrits (Mytilus, M. galloprovincialis 
Lamarck 1819, M. edulis L. 1758, M. trossulus Gould 1850, M. californianus conrad 1837 
et M. chilensis Hupe 1854), et se déstribuent d’une façon latitudinale selon plusieurs 
facteurs (climat, température, salinité, courants, etc.). La moule Méditerranéenne, M. 
galloprovincialis est considérée l’espèce la plus distribuée au monde du fait que sa 
répartition était révélée à la fois dans l’hémisphère nord et l’hémisphère sud (Varvio et al 
1988, Wonham 2004).La moule Méditerranéenne Mytilus galloprovincialis a été décrite 
pour la première fois par Lamarck en 1819. Elle s’est contemplée comme une moule de 
l’eau chaude, se trouve dans le basin Méditerranéen, le long des côtes Atlantiques de 
l’Europe, vers le nord-ouest de L’Irlande et le sud-ouest de l’Angleterres. Elle est aussi 
rapportée dans l’Amérique du nord (McDonald et Koehn 1988), l’Australie (McDonald et al 
1991). Des populations additionnelles de cette espèce ont été rapportées dans plusieurs 
autres régions : Japon, l’Afrique du sud (Seed 1992), l’Afrique du nord (Comesaña et al 
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1998, Daguin et al 1999, Jaziri and Benazzou 2002, Ouagajjou et al 2010) et le Chile 
(Cárcamo et al. 2005, Toro et al 2006).  
La moule M. edulis est généralement distribué dans les nord-ouest et le nord-est de la 
l’Atlantique (Gosling 1992a, 2003). Les autres espèces ont une aire de répartition plus 
restreinte, la distribution de M. trossulus est limitée dans les régions d’eau froide du nord de 
l’hémisphère avec une possible extension jusqu’à les eaux Arctiques (Gosling 2003). La 
moules californienne M. californianus était confine dans les côtes pacifiques au Nord de 
l’Amérique (Seed and Suchaneck, 1992), alors que la distribution de la moule chilienne M. 
chilensis a été observé au long des côtes sud de la Chile (Toro 1998) et confirmée 
récemment par les allozymes (Toro et al 2006) et par les marqueurs microsatellites 
(Ouagajjou et al 2011). 
Plusieurs autres formes du genre Mytilus ont été décrites au paravent, M. planulatus 
Lamarck, 1819 en Australie, M. desolationis Lamy, 1936 dans les Iles de Kerguelen, M. 
platensis Orbigny, 1846 en Argentine et M. coruscus Gould, 1837 en Chine et le Japon. 
Récemment, l’utilisation des marqueurs moléculaires nucléaires et mitochondriaux, a permis 
de reclasser tous ces espèces soit avec M. galloprovincialis comme le cas de M. planulatus 
et M. coruscus ou soit avec M. edulis comme le cas de M. desolationis et de M. platensis 
(Gosling 1992).  
 
Figure 1. Distribution globale des moules du genre Mytilus (Gosling 2003) 
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Les facteurs affectant la distribution des populations du genre Mytilus  
La température et la salinité représentent les facteurs qui affectent plus la distribution de la 
plupart des espèces maritimes et les bivalves en particulier. Ils limitent non seulement la 
distribution spatiale des bivalves mais aussi affectent leur aspect biologique (nourriture, 
reproduction, croissance, respiration, osmorégulation et l’interaction avec les parasites). 
Quand il s’agit d’une distribution à grande échelle géographique, il est généralement attitré 
que la température joue un rôle plus important que la salinité. Pourtant, la salinité peut être 
le facteur le plus limitant dans certaines régions côtières et estuariennes. Cependant, l’effet 
synergétique des deux facteurs peut avoir des conséquences remarquables surtout lorsqu’ils 
agissent en synchronisme avec autre variables environnementaux, tels que le type du 
substrat, disponibilité de la nourriture, profondeur de l’eau et la présence des prédateurs et 
compétiteurs (Gosling 2003). Autres facteurs peuvent agir comme des éléments barrant la 
distribution des moules M. galloprovincialis. Le type du substrat dont les roches ardues et 
solides sont les plus adéquates à la place des fonds vaseux. L’exposition aux vagues est un 
autre facteur qui influence cette distribution du fait que les moules colonisent globalement 
les côtes exposées. Les courants océaniques fournissent habituellement une condition 
favorable pour la nourriture des bivalves. Cependant, ces derniers peuvent entravés 
l’installation des larves et l’attachement des naissains (Aghzar et al. 2012a, b). 
Une énorme gamme des être vivants apprécient les moules comme leurs nourriture 
favorable (les oiseaux, les poisons, les crustacés, les échinodermes, les plathelminthes, 
certains mollusques et l’homme). Parmi les principaux prédateurs sont les gastropodes, 
Nucella lapillus est considérée comme le prédateur primordial, du fait qu’elle se nourrit 
essentiellement des moules et des balanes. Les espèces de genre Nucella (Nucella 
canaliculata et N. emarginata), Les étoiles de mer (Atrerinidae) et les crabes (Cancer) sont 
les majeurs prédateurs des moules M. galloprovincialis en particulier surtout dans les côtes 
basses et les zones sublittoralles (Suchanek 1981). La mytiliculture largement pratiquée par 
l’homme influe également l'abondance et la répartition de cette espèce, par son introduction 
dans des nouvelles zones. Cette plasticité phénotypique rend M. galloprovincialis l'un des 
les compétiteurs les plus proéminents pour l’espace au niveau des zones intertidales 
moyennes et basses. En Afrique du sud, M. galloprovincialis a pu éliminer complètement ou 
partiellement Aulacomya ater et entre en compétition vigoureuse avec Perna perna 
(Griffiths et al., 1992).  
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La taxonomie des moules au Maroc 
Le littoral constitue la ligne de rivage de la bande côtière terrestre qui est en contact direct 
avec la mer. Il est le lieu d’interaction entre la mer et la terre, et constitue un zone de 
transition entre le domaine terrestre et marin, la zone littorale est un milieu spatialement 
limité, connaissant généralement une forte pression d’usages. Le littoral marocain 
représente à l’évidence un patrimoine valeureux pour notre pays. Il présente une façade 
méditerranéenne s’étendant sur environ 460 km de Tanger à Saidia et une façade atlantique 
de 2500 km, allant de Tanger à Lagouira. Ces côtes Marocaines sont considérées comme un 
important habitat naturel pour les moules des deux genres Mytilus et Perna. Leur 
distribution dans les deux côtes (l’Alboran et l’Atlantique) et leur taxonomie étaient 
incertains pour une longue période. L’utilisation des méthodes traditionnelles de la 
classification en se basant sur les critères morphologiques qui sont peu fiable surtout chez 
les moules à cause de la grande plasticité existante chez les différents espèces appartenant à 
ces deux genres. Traditionnellement, la variation morphométrique à été largement utilisée 
par les taxonomistes pour classer les espèces chez Mytilus (Seed 1972, Skibinski 1983, 
Mcdonalds et al 1991) et chez Perna (Siddall 1980, Shafee 1989 et 1992). Les Mytilidae ont 
une grande variation au niveau des traits morphologiques qui est importante pour la 
taxonomie chez les Bivalves. Par conséquent, le statut taxonomique des espèces au sien des 
Mytilidae est souvent confus faute des caractères morphologiques fiables pour distinguer les 
espèces et le genre, et aussi à cause la plasticité et l’inconsistance de la morphologie des 
coquilles. L’étude de la diversité génétique des ces espèces par des marqueurs plus puissant 
(moléculaires) devient une nécessité pour bien comprendre leur taxonomie et leur 
distribution. Mytilus galloprovincialis a été considéré traditionnellement comme étant une 
forme Méditerranéenne alors que M. edulis étant comme une forme Atlantique (Gosling 
1984, 1992a, Seed 1992). Cependant, en se basant sur les caractères morphologiques, M. 
galloprovincialis a été identifié sans ambiguïté dans plusieurs zones Atlantiques (e.g. 
Skibinsky 1985) et Pacifiques (Gosling 1992a, 1994, MsDonald et al 1991). Jusqu’à 
présent, la forme de Mytilus qui habite dans les côtes du Nord d’Afrique n’est pas encore 
clairement établie. Des études établies au cours des années 70s et 80s, ont cité que l’espèce 
M. edulis qui est distribué sur les côtes Africaines (Nord et sud) mais pas dans le basin 
Méditerranéen (Seed 1976, 1978, Berger 1983, Suchanek 1985). Tandis que d’autres ont 
suggéré que l’espèce M. galloprovincialis qui s’étend sur les côtes Atlantique du Maroc 
(Lubet 1973, Zouali 1973,Lubet et al.1984). D’autres études sur l’écologie et la production 
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des organismes marines ont considérées aussi que M. galloprovincialis qui colonise les 
côtes du nord d’Afrique et le Méditerrané (Prunus et Pantoustier 1974, Romdhane and 
Chakroun 1986, Abada-Boudjema et al 1995). L’absence des données plus fiables est 
probablement la raison pour laquelle plusieurs revues récents sur la systématique et la 
distribution géographique du M. galloprovincialis ne mentionnent pas la forme du Mytilus 
qui existe dans les côtes du Nord d’Afrique (Koehn 1991, Gardner 1992, Gosling 1992a ; 
1992b ; 1994, Seed 1992). En 1998, Comesaña et ces collègues ont pu démontrer la 
présence du M. galloprovincialis au Maroc sur les deux façades (Alboran et Atlantique) en 
utilisant quatre allozymes (Estérase-D, leucine aminopeptidase-1, mannose phosphate 
isomérase et octopine déshydrogénase). Les résultats obtenus indiquent la présence du M. 
galloprovincialis dans les deux côtes marocaines et aucune existence du M. edulis. Daguin 
et Borsa (1999), ont menues une étude sur la caractérisation génétique de M. 
galloprovincialis au nord-ouest de l’Afrique en utilisant des marqueurs nucléaires. Le 
polymorphisme au niveau de la région Intron du gène mac-1 (Ohresser et al. 1997) a révélé 
une distinction apparente  entre M. galloprovincialis existant au Maroc et La Mauritanie et 
le pure M. edulis au nord de l’Europe. Une autre étude menue au Maroc par Jaziri et 
Benzzou (2002) dont treize systèmes allozymiques codés pour 16 locus sont retenus dans 
cette étude. Les résultats montrent clairement la distribution du M. galloprovincialis dans 
les côtes Atlantiques et Méditerranéennes du Maroc. Plus récemment, une étude établie au 
sud du Maroc (Agadir) par Korrida et al (2010) en utilisant la région codante de l’ADN 
mitochondriale (Cytochrome C Oxydase I), qui a mis en évidence la distribution de cette 
espèces dans cette région. Sammer et al (2008) ont établie une étude sur les populations de 
nord-est du Maroc en utilisant les marqueurs mitochondriaux et nucléaires. Le marqueur 
nucléaire (Glu-5’) a révélé l’existence des moules M. galloprovincialis alors que les 
marqueurs mitochondriaux ont pu démontrer que ces populations sont introgressés par des 
moules M. edulis. 
La génétique des populations et les marqueurs microsatellites 
La génétique des populations marines est un domaine qui a évolué plus récemment 
comparablement avec les efforts consacrés à l’environnement terrestre. Cela malgré les 
aspects appliqués tels que la gestion des stocks, l’aquaculture, création des réserves, 
réservation des côtes marines, la taxonomie et la protection des espèces. Les espèces 
aquatiques dans une population large et avec une grande dispersion des larves, devraient 
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être génétiquement homogènes à travers des longues distances au sein des zones connectées. 
Les changements génétiques qui se produisent au sein des populations locales, soit qu’ils 
sont dues à la dérive génétique ou la sélection naturelle, peuvent être rapidement rattrapées 
par les flux géniques de la part des populations adjacentes. Ces facteurs doivent être pris en 
compte afin de comprendre l’origine, le maintien et la gestion de la biodiversité génétique. 
Les premières études génétiques ont révélé des basses différentiations génétiques des 
populations marines sur des larges distances géographiques. Il a été considéré –
généralement- que les environnements aquatiques permettent une dispersion extensive des 
larves, résultant une guère hétérogénéité sur une échelle spatiale large (Buroker et al 1979). 
Pourtant, ce notion était rapidement contesté, par plusieurs études présentant une force 
évidence des structures génétiques le long des côtes océaniques (Burton 1983, Scheltema 
1975) et surtout chez les mollusques (Hedgecock 1994, Palumbi 1994, David et al 1997). 
Les sources de l’hétérogénéité génétique peuvent être de deux catégories principales, les 
processus déterministes (sélection naturelle) ou bien stochastiques (dérive génétique). La 
variation génétique chez les moules est souvent liée à des variables environnementaux 
particuliers, et durant ces dernières années plusieurs allopatriques pools génétiques ont été 
caractérisées en utilisant plusieurs marqueurs génétiques (par exemple, microsatellites, Diz 
et Presa 2008). En ce sens, les moules ayant une dispersion larvaire planctonique élevée, 
sont largement utilisés comme une espèce modèle dans les études de la structure génétique 
du littoral (Diz et Presa 2009). 
La génétique des populations chez les moules du genre Mytilus à été bien étudiée pour une 
longue période au niveau interspécifique et/ou intraspécifique (Koehn et al 1991, McDonald 
et al 1991, Varvio et al 1988, Seed 1976). Par exemple les études antérieures menées avec 
allozymes et l'ADN mitochondrial (Quesada et al 1996, Sanjuan et al 1995) ou en utilisant 
les microsatellites (Diz et Presa 2008) ont révélé l'existence de deux pools génétiques de M. 
galloprovincialis dans le sud de l'Europe, un Atlantique, qui s'étend en continuité depuis le 
golfe de Vizcaya jusqu’à la mer d'Alboran, et l'autre dans la Méditerranée. Plusieurs études 
ont révélés une discontinuité océanographique marquante au niveau d’Almeria (Espagne) et 
Oran (Algérie), à l'extrémité orientale de la mer d'Alboran (e.g. Tintoré et al., 1991). Ce 
front océanographique est l'une des barrières marines la plus étudiée et qui influe les 
scénarios phylogéographiques de nombreuses espèces marines. Ce scénario a été observé 
chez de nombreuses espèces, comme les coquilles Saint-Jacques Pecten jacobaeus et P. 
maximus (Rios et al. 2002), l’euphauside Meganyctiphanes norvegica (Papetti et al. 2005 
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Zane et al. 2000), la bernache Chthamalus montagui et C. stellatus (Pannacciulli et al. 
1997), la seiche Sepia officinalis (Pérez-Losada et al., 1999), ou des poissons tels que le 
thon Thunnus alalunga (Viñas et al. 2004) ou Comber de la Méditerranée Serranus cabrilla 
(Shunter et al. 2011) 
La majorité de ces limitations au flux de gènes entre les populations marines ont été détectés 
en utilisant des marqueurs microsatellites. Les microsatellites sont des séquences répétées 
dans le génome avec une longueur de 1 à 6 paires de bases répétées (i.e. Estoup et al 1993) 
(CA)n, (AT)n, (GA) et (GC)n (Ellegren 2004). Ils sont aussi connus comme Simple 
Sequence Repeats (SSR), Variable Number Tandem Repeats (VNTR) et Short Tandem 
Repeats (STR). Chez les bivalves, les microsatellites sont utilisés avec succès pour étudier 
leur génétique des populations (Presa et al. 2002, Tarnowska et al. 2010) grâce à leur niveau 
de résolution interspécifique et intraspécifique, pour la caractérisation des espèces bivalves 
(Popa et al. 2011), la révélation des effets bottleneck (Launey et al. 2001), les changements 
de la taille effective des populations (Appleyard and Ward 2006), la dérive génétique (Ni et 
al. 2011) et les analyses de la parenté (Wang et al. 2010). 
Les régions microsatellites sont généralement non codante (mais voir Ranum and Day 2002) 
et donc souvent sont assumés a priori d’être les marqueurs neutres pour les études de la 
génétique des populations. Particulièrement, l’hypothèse de la neutralité a été sommet pour 
les organismes non model – ce qui constitue la majorité des études des populations 
naturelles- où seulement un nombre limité des locus a été caractérisé. Ainsi, les propriétés 
de la différentiation génétique des microsatellites entre les populations ont été quasiment 
expliquées par la dérive génétique et la mutation, tandis que le rôle potentiel de la sélection 
affecte moins cette différentiation (Slate 2000 ; Nielsen et al 2006). 
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Figure 2. Principe du polymorphisme chez les marqueurs microsatellites, i.e. exemple des 
microsatellites trinucléotidiques (CTT).  
Les microsatellites sont devenus les marqueurs génétiques préférés pour les études de 
l’évolution, la génétique des populations et de conservation chez une large gamme des 
organismes. La raison majeur de cette popularité est le niveau de variabilité élevé 
comparablement avec les allozymes et les autres marqueurs génétiques nucléaires, i.e. ADN 
mitochondriale, Single nucleotide polymorphisme (SNPs), amplified fragment lenght 
polymorphism (AFLPs) (Jane and Lagoda 1996 ; Van Tienderen et al. 2002 ; Morin et al. 
2004). Par conséquence, parmi les taxons divergés récemment, les microsatellites révèlent 
généralement une résolution supérieure des variations génétiques avec peu d’information 
sur l’histoire évolutive, ce qui les rend idéales pour les études de la génétique des 
populations. En outre, le niveau élevé de leur variabilité permet l’attribution des individus 
d’origine inconnu à la population, et l’évaluation de la parenté dans les populations 
naturelles (e.g. Jones and Ardren 2003). 
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Les objectifs de la thèse 
La compréhension de la génétique et la phylogénie des moules distribuées dans les côtes 
marocaines, permet de bien gérer ces ressources naturelles dans les deux sens économique 
et environnemental. Au regard de cette analyse préliminaire et en l’état actuel des 
connaissances scientifiques et économiques, on peut constater que le secteur d’aquaculture 
au Maroc possède des potentialités considérables mais son développement se heurte à des 
multiples contraintes. Cette étude a été consacré principalement pour la compréhension de la 
génétique des moules « Mytilus galloprovincilais » au large des côtes marocaines et leur 
relation avec les populations mondiales. Pour cela, il est nécessaire d’élaborer un plan de 
gestion génétique pour une exploitation et conservation durables.  Cette thèse est dédiée à 
accomplir les principaux objectifs suivants: 
1) L’étude du flux génétique entre les populations du Mytilus galloprovincialis 
distribuées au large des côtes Ibériques et nord Africaines. Cet objectif est abordé dans le 
chapitre I et correspond au travail publié : Ouagajjou, Y., Aghzar, A., Minambres, M., 
Presa, P., Pérez, M. 2009 Differential gene flow between populations of Mytilus 
galloprovincialis distributed along the Iberian and north African coasts. Thalassas: An 
International Journal of marine Sciences, 26 (2): 75-78. 
2) Le confinement des moules marocaines Mytilus galloprovincialis à travers le détroit 
de Gibraltar. Cet objectif est abordé dans le chapitre I et correspond au travail soumis : 
Ouagajjou, Y. and Presa, P. The connectivity of Mytilus galloprovincialis in northern 
Morocco: a gene flow crossway between continents. Submitted June 2013. 
3) L’isolement et cross-amplification des microsatellites pour la caractérisation des 
différentes espèces et l’identification des stocks du genre Mytilus. Cet objectif est abordé 
dans le chapitre I et correspond au travail publié : Ouagajjou, Y., Presa, P., Astorga, M., 
Pérez, M. 2011 Microsatellites of Mytilus chilensis: A genomic print of its taxonomy status 
within Mytilus sp. Journal of Shellfish Research, 30 (2): 325-330. 
5. La divergence génétique des moules Mytilus galloprovincialis au large des côtes 
mondiales et la caractérisation des différents pools génétiques. Cet objectif est abordé dans 
le chapitre I et correspond au travail soumis : Ouagajjou, Y., Pérez, M. and Presa, P. 
Genetic divergence among world-wide stocks of Mytilus galloprovincialis: How many – 
How drifted? Submitted June 2013. 
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Le flux génétique entre les populations du Mytilus 
galloprovincialis distribuées au large des côtes 
Ibériques et nord Africaines 
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Resumen 
El presente trabajo pretende clarificar el estatus genético de las poblaciones de M. 
galloprovincialis desde el norte de Marruecos (mar de Alborán) utilizando marcadores 
microsatélites, para testar el modelo biogeográfico de esta zona. Estudios anteriores utilizando 
marcadores moleculares como microsatélites (Diz y Presa 2008), mtDNA (Quesada et al. 
1995) y aloenzimas (Jazziri y Benazzou, 2002) han mostrado diferenciación genética entre las 
dos cuencas (Atlántico y Mediterráneo) y por lo tanto, han confirmado la presencia de la 
barrera oceanográfica Almería – Orán (AOOF) (Tintoré et al. 1998).  
Los mejillones del Atlántico están distribuidos a lo largo de las costas de la Península Ibérica 
y se extienden desde el mar Cantábrico (NE Iberia) hasta el mar de Alborán (SE Iberia) y otra 
población de mejillones se encuentra a lo largo de toda la costa mediterránea. Para 
complementar la comprensión de las propiedades oceanográficas de esta barrera, es 
estrictamente necesario incluir a las poblaciones del norte de Marruecos con marcadores más 
potentes y más informativos (por ejemplo, microsatélites). Cinco poblaciones del norte del 
Marruecos se eligieron con este fin, tres se encuentran en el Atlántico Norte (Larache y 
Tanger (1 y 2) y dos poblaciones en el Mar de Alborán (Tetuán y Nador) con dos poblaciones 
de referencia, una del  Atlántico ibérico y otra del Mediterráneo. 
En este estudio se aplicaron siete marcadores microsatélite que pusieron de manifiesto una 
variación genética significativa entre los dos grupos marroquíes, Atlántico y Alborán 
(AMOVA, g.l. = 1; 3.04 % de variación), esta variación es más importante que la observada 
dentro de grupos (AMOVA, g.l.= 3; 1.01% de variación). El mismo escenario fue confirmado 
por el  parámetro de diferenciación (FST) y el análisis filogenético. Esta divergencia genética 
entre poblaciones marroquíes (Alborán versus Atlántico) se explica principalmente por las 
corrientes actuales en el mar de Alborán, caracterizado por gradientes de temperatura y 
salinidad, fuertes corrientes de agua con múltiples eddies y turbulencias que resultan en dos 
movimientos anticiclónicos desde el estrecho de Gibraltar hacia Almería. 
Sin embargo, las poblaciones atlánticas están muy aisladas de las de Alborán con un flujo 
génico muy reducido, este aislamiento oceanográfico de los mejillones de Alborán con 
respecto a los del Atlántico de Marruecos puede explicarse por la presencia de las principales 
corrientes atlánticas que fluye hacia el estrecho de Gibraltar y que podrían limitar el flujo del 
gene entre estas poblaciones. 
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Résumé 
Le présent travail vise à clarifier le statut génétique des populations de M. galloprovincialis 
du nord du Maroc (Mer d’alboran) en utilisant des marqueurs microsatellites, afin de tester le 
modèle biogéographique de cette zone. Des études antérieures utilisant des marqueurs 
moléculaires tels que les microsatellites (Diz et Presa, 2008), ADNmt (Quesada et al. 1995) et 
les allozymes (Jazziri et Benzzou 2002) ont montré une large diversité différentiation 
génétique entre les deux bassins (Atlantique et Méditerranéen) et par conséquent, ont 
confirmé la présence de la barrière Almeria-Oran Oceanographic Front (AOOF) (Tintoré et al. 
1998).  
Les moules de l’Atlantique réparties le long des côtes de la Péninsule Ibérique s’étendent en 
continuité depuis la Mer Cantabrique (NE Iberia) jusqu’à la Mer d’Alboran (SE Iberia), et 
l’autre population des moules se localise le long de tout les côtes Méditerranéennes. Afin de 
compléter la compréhension des propriétés océanographiques de cette barrière, il est 
strictement obligatoire d’inclure des populations du nord du Maroc avec une utilisation des 
marqueurs plus puissant et plus informatifs (e.g Microsatellites). Cinq populations du nord du 
Maroc ont été choisies pour cet intérêt, trois se situent au nord Atlantique (Larache et Tanger 
1 et 2) et deux populations qui se situent dans l’Alboran (Tétouan et Nador) avec deux 
populations de références une Atlantique Ibérique et l’autre Méditerranéenne. 
Sept marqueurs microsatellites on été appliqués dans cette étude et ont mis en évidence une 
variation génétique significative entre les deux groupes marocains, Atlantique et Alboran 
(AMOVA, d.f = 1 ; 3,04 % de variation), cette variation est plus importante que observée au 
sein des groupes (AMOVA, d.f = 3 ; 1,01 % de variation). Le même scénario a été confirmé 
par le paramètre de la différentiation (FST) et l’analyse phylogénétique. Cette divergence 
génétique entre les populations marocaines (Alboran versus Atlantique) est principalement 
expliquée par l’actuelle courantologie spécifique de la Mer d’Alboran, caractérisée par des 
gradients de température et de salinité, courants d’eau très forte et des multiples tourbillons et 
agitations qui en découlent d’une manière anticyclonal depuis le détroit de Gibraltar jusqu’à 
Almeria. 
Par contre les populations Atlantiques sont fortement isolées de celles d’Alboran avec un flux 
de gène très réduit, ce confinement océanographique des moules d’Alboran du celles 
d’Atlantique du Maroc peut être expliquer par la présence des principaux courants Atlantiques 
qui coulent vers le détroit de Gibraltar pourrait limiter le flux de gène entre ces populations. 
DIFFERENTIAL GENE FLOW BETWEEN POPULATIONS 
OF MYTILUS GALLOPROVINCIALIS DISTRIBUTED ALONG 
IBERIAN AND NORTH AFRICAN COASTS
ABSTRACT
This population genetics study on Mytilus 
galloprovincialis aims to clarify whether northern 
Moroccan populations fit into the biogeographical 
pattern of Iberian populations characterized by a 
main genetic discontinuity at the Almería - Orán 
Oceanographic Front (AOOF). We report a reduced 
gene flow between northern Moroccan mussels 
distributed at both sides of Gibraltar Strait and a 
limited gene flow between Iberian and Moroccan 
populations in the Alboran Sea. These results observed 
with microsatellites do not fully match previous ones 
where Moroccan populations from Alboran did not 
differ from other Atlantic populations. 
INTRODUCTION
Previous studies using molecular markers 
such as allozymes (Sanjuan et al., 1994), mtDNA 
(Quesada et al., 1995), and microsatelites (Diz 
& Presa, 2008) have shown the existence of 
two differentiated population sets of Mytilus 
galloprovincialis in Iberia, one extending in 
continuity from the Cantabric Sea (NE Iberia) to 
the Alboran Sea (SE Iberia), and another one in 
the Mediterranean. The oceanographic properties 
of the Almería - Oran Oceanographic Front 
(AOOF; Tintoré et al., 1998) have been proposed 
as the causative force of such divide i.e. acting 
as an effective barrier to gene f low between 
those population sets. The present work aimed to 
clarifying genetic status of Northern Moroccan 
populations of M. galloprovincialis in the Alboran 
Sea using microsatellite markers, i.e., to test if 
they fit into the Iberian biogeographical pattern 
characterized by two gene pools distributed at both 
sides of the AOOF exclusion zone, respectively.
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MATERIAL AND METHODS
Seven populations of M. galloprovincialis were 
sampled (35-50 individuals each) at intertidal areas of 
the northern Atlantic (three from Atlantic Morocco, 
N = 135, and one from Atlantic Iberia, N = 40), the 
western Mediterranean (two from Alboran Morocco, 
N = 87, and one from Mediterranean Iberia, N = 38) 
(Figure 1). DNA from 300 mussels was extracted 
following the CTAB protocol (Sokolov, 2000) and 
genotyped with seven polymorphic microsatellites, 
four of them previously described (Mgµ1, Mgµ3, 
Mgµ4, and Mgµ5; Presa et al., 2002) and three 
ones unpublished (MgµD5- (CA)6, MgµD10-(CA)6 
and MgµH7 (CAAA)9). Amplification conditions for 
published markers conformed to those described in 
Presa et al. (2002) and the three new markers were 
amplified at 55ºC x 1.6 mM MgCl2 (MgµD5), 58ºC x 
1.3 mM MgCl2 (MgµD10), and 57ºC x 1.5 mM MgCl2 
(MgµH7), following a thermocycler routine of 95ºC x 5 
min, 35 cycles x (94ºC x 1 min, annealing temperature 
x 1 min and 72ºC x 1 min), plus a final extension step 
at 72ºC x 15 min. Amplicons were electrophoresed 
in an ALFexpressII automatic fragment analyser (GE 
Healthcare) and alleles were sized using molecular 
ladders. Genetic parameters (allelic frequencies, HO, 
HE and FIS) were calculated with Genepop 4 (Raymond 
& Rousset, 1995) and allelic series were tested for null 
alleles with Micro-Checker (van Oosterhout et al., 
2004). Fixation index between populations (FST) and 
differences in population diversity between Atlantic 
and Mediterranean populations were calculated with 
Fstat 3.9.5 (Goudet, 1995). Analysis of molecular 
variance (AMOVA) (Excoffier et al., 1992) as 
implemented in Arlequin 2.0 (Schneider et al., 1997) 
was used to calculate the distribution of the genetic 
variance between subpopulations of the Atlantic and 
the Alboran Sea.
RESULTS
A significant heterogeneity of allele frequencies 
was observed at six out of seven loci between samples 
of the four areas studied. A significant variation 
was observed between the two Moroccan groups, 
Atlantic and Alboran, (AMOVA, d.f. = 1; 3.04% 
variation), and this variation was larger than that 
within groups (AMOVA, d.f. = 3; 1.01% variation). 
The main multilocus discontinuity among Moroccan 
samples was observed in Gibraltar Straight, i.e. the 
two samples from Alboran Morocco (MEnad: Nador; 
Figure 1: 
Map location of the seven M. galloprovincialis populations analysed, 
as three from Atlantic Morocco (ATtan1, ATtan2, ATlar), two from 
Alboran Morocco (MEtet, MEnad), and one reference population from 
both, the Atlantic (ATrib) and the Mediterranean (MEoro). 
Table 1: 
Estimating Fst of Weir and Cockerham (1996) for each pair of the 
Moroccan and the two outgroup populations of M. galloprovincialis 
over loci. Initial nominal level (* p < 0.05) was corrected with 
Bonferroni test for multiple comparisons.
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MEtet: Tétouan) were significantly divergent from 
those in Atlantic Morocco (ATtan: Tanger; ATlar: 
Lârache) (Table 1). The phylogenetic groups comprised 
populations from western Mediterranean (MEoro: 
Oropesa-Almería), Atlantic Iberia (ATrib: Ribeira-
Galicia), Atlantic Morocco (ATlar: Lârache; ATtan1: 
north Tanger ; ATtan2: south Tanger) and Alboran 
Morocco (MEnad: Nador; MEtet: Tétouan) (Figure 2).
DISCUSSION
The genetic divergence between northern 
Moroccan mussels and other European populations 
of M. galloprovincialis has been reported in previous 
studies, i.e. Comesaña et al. (1998) for an Atlantic 
divergence, or Jaziri & Benazzou (2002) for a 
Mediterranean divergence. In addition, a population 
split between northern Moroccan populations 
has been made patent herein with microsatellites. 
Although Iberian populations have shown a main 
interbasin restriction to gene flow imposed by the 
AOOF barrier (e.g., Diz & Presa, 2008), the main 
biogeographical breakpoint determining a reduced 
gene flow between northern Moroccan populations 
seems to be Gibraltar Strait after present data. This 
result contrasts with previous allozymic studies on 
northern Moroccan mussels in which Nador and 
Tétouan populations from Alboran Sea showed null 
(Comesaña et al., 1998) or very weak divergence from 
Atlantic populations (Daguin & Borsa, 1999; Jaziri 
& Benazzou, 2002). Another interesting result is 
the genetic divergence between Alboran populations 
from Morocco versus those from Atlantic Iberia (e.g., 
ATrib), these later showing a genetic continuity from 
the Cantabric Sea to the Almería-Oran Oceanographic 
Front (Diz & Presa, 2008). This result suggests 
that such distinct distributions are likely determined 
by the specific current dynamics of the Alboran 
Sea, characterised by gradients of temperature and 
salinity, strong water currents, and multiple eddies 
and gyres that flow anticyclonically from SE Iberian 
Peninsula (Almeria) to Algeria (Oran) (Tintoré et al., 
1998). The oceanographical confinement of Alboran 
mussels from northern Morocco, leaning south from 
the main Atlantic current that flows eastward through 
Gibraltar Strait, could help to explain the gene flow 
limitation among Alboran Sea mussel populations.
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Resumen 
En este estudio hemos aumentado el número de muestras de las costas atlánticas al objeto de 
entender el estatus genético del mejillón Mytilus galloprovincialis a lo largo de la costa 
marroquí y su confinamiento alrededor del estrecho de Gibraltar. El primer trabajo se efectuó 
sobre las poblaciones del norte de Marruecos, y los resultados mostraron una divergencia 
entre las poblaciones atlánticas y Alborán. Se han aplicado los mismos marcadores 
microsatellites. El parámetro de diferenciación FST mostró el mismo escenario de 
características biogeográficas de las poblaciones ibéricas (caracterizadas por una 
discontinuidad genética alrededor del frente Almeria-Orán) y de las poblaciones del norte de 
Marruecos (caracterizadas por una discontinuidad en el estrecho de Gibraltar). Sin embargo, 
la homogeneidad de los resultados - incluso aumentando las poblaciones del Atlántico - se 
explica por la baja divergencia genética entre las poblaciones atlánticas marroquís (FST±SD, 
0.012±0.007) mientras que la diferenciación entre las poblaciones del Atlántico y el Alboran 
es alta (FST±SD, 0.038±0.010). Por otra parte, los resultados obtenidos con los marcadores 
microsatélite no concuerdan con los obtenidos anteriormente por Jaziri y Bennazzou (2002). 
Estos autores mencionaron que la ausencia de discontinuidad entre las poblaciones del 
Alboran y sus vecinos geográficos del Atlántico y, que cabo Ghir es un límite meridional 
infranqueable de sur, que delimita su distribución geográfica. Esta estructura genética 
demuestra la existencia de tres stocks Una subpoblación mediterránea aislada por el frente 
Almería-Oran, una sub población Alborán-Atlántico ibérico frontal y una subpoblación 
distribuida a lo largo de la costa atlántica marroquí.  
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Résumé 
Durant cette étude nous avons augmenté le nombre des échantillons dans les côtes 
Atlantiques afin bien comprendre le statut génétique des moules Mytilus galloprovincialis au 
long des côtes marocaines et leur confinement autour du détroit de Gibraltar. Le premier 
travail a été conduit sur les populations de nord du Maroc, et les résultats ont montré une 
divergence entre les populations de l’Alboran et de l’Atlantique. Les mêmes marqueurs 
génétiques de type microsatellites ont été appliqués durant cette étude. Le paramètre de 
différentiation FST a montré le même scénario des propriétés biogéographiques des 
populations Ibériques (caractérisé par une discontinuité génétique autour de Front Almeria-
Oran) et des populations nord marocaines (caractérisé par une discontinuité autour de détroit 
de Gibraltar). Toutefois, cette homogénéité des résultats –même en augmentant le nombre 
des populations Atlantique- est expliquée par une faible divergence génétique entre les 
populations Atlantiques Marocaines (FST±SD, 0.012±0.007) alors que la différentiation entre 
les populations de l’atlantique et de l’Alboran est élevée (FST±SD, 0.038±0.010). Autrement, 
les résultats obtenus par les microsatellites ne concordent pas avec ceux obtenus 
antérieurement (Jaziri and Bennazzou 2002) ayant cité l’absence de discontinuité entre les 
populations de l’Alboran et leurs voisins géographiques de l’Atlantique et que Cap Ghir 
constitue une limite méridionale infranchissable, qui délimite leur aire de répartition 
géographique. La structure génétique ainsi révélée montre l’existence de trois stocks 
populationnels. Une sous population Méditerranéenne isolé par le front Almeria-Oran, une 
sous population Alboran-Atlantique Ibérique et une sous population distribué tout au large 
des côtes Atlantiques marocaines. 
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The connectivity of Mytilus galloprovincialis in northern Morocco: a gene flow 
crossroad between continents 
ABSTRACT 
Previous population genetics studies on the Mediterranean mussel Mytilus galloprovincialis 
have shown the existence of two well differentiated sets of populations around Southern 
European coasts, one Atlantic and another one Mediterranean. Those population sets are kept 
apart by the Almería - Oran Oceanographic Front (AOOF), an oceanographic discontinuity 
that is either causative of such differentiation or simply maintainer of two historically 
differentiated gene pools. The role of Gibraltar Strait at shaping mussel larval flow entering 
the Alboran Sea has been much less addressed, especially regarding mussel swarms 
inhabiting the northern coast of Morocco. In the present study, seven microsatellite markers 
have been used to describing the genetic status of northern Moroccan populations of M. 
galloprovincialis and their relationship with its two well characterized gene pools from 
southern Europe. We show that unlike the Atlantic gene pool which extends in continuity 
from the Cantabric Sea (NE Iberia) to the Alborán Sea (SE Iberia) up to the AOOF, northern 
Moroccan mussel populations from the Atlantic and the Alboran exhibit a marked genetic 
divergence (FST = 0.03) among each other. Such genetic divergence is geographically 
coincident with the intercontinental longitudinal barrier of Gibraltar Strait. An additional 
oceanographic barrier seems to effectively hamper gene flow across the Alboran Sea. This 
latitudinal barrier hypothesis is required to explain the intercontinental differentiation 
between the Moroccan gene pool and the Atlantic Iberian pool. Present results highlight a 
phylogeographic complexity of mussel populations at the Gibraltar Strait crossway between 
continents and between seas that were not previously seen with other markers. This 
complexity is not to be taken lightly when designing biodiversity management strategies in 
this area. 
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Introduction 
Marine mussels of genus Mytilus from the Atlantic North comprise three main species, M. 
edulis L. 1758, M. trossulus Gould 1850, and M. galloprovincialis Lamarck 1819. Species of 
these genera have complex eco-biological interactions including hybridization and usually 
form hybrid swarms wherever their distributions overlap (McDonald et al. 1991, Sarver & 
Foltz. 1993, Wonham. 2004, Hilbish et al. 2000 and Hilbish et al. 2002). In the Atlantic, M. 
trossulus is found in the northwestern Atlantic and the Baltic Sea, M. edulis at both sides of 
the North Atlantic, and M. galloprovincialis in the Atlantic coasts of southern Europe, 
Northern Africa and the Mediterranean, (Gosling 1984, 1992; Koehn 1991; McDonald et al. 
1991). 
Mytilus galloprovincialis is the most eurioically distributed of its genus (Varvio et al. 1988; 
Wonham 2004, Gosling 2003; McDonald et al. 1991; Ouagajjou et al. 2011), and its 
distribution in southwestern Europe comprises the Atlantic and Mediterranean coasts of 
Spain and France (Gosling 1992). Previous population genetic studies performed with 
allozymes and mtDNA markers (Quesada et al. 1995a, b, 1998a and Sanjuan et al. 1996) or 
microsatellites (Diz et al. 2008) have shown the existence of two pools of M. 
Galloprovincialis, one in the Atlantic that extends in continuity south from the Bay of Biscay 
to the Alboran Sea (and another one in the Mediterranean. Oceanogarphic investigations 
have characterized a sharp oceanographical break that establishes the eastern limit of Atlantic 
waters at the Almería-Orán Oceanographic Front in the eastern side of the Alboran Sea 
(Tintoré et al., 1988). This oceanographic feature is one of the most well recognizaed marine 
barriers shaping the phylogeographic scenarios of many marine species, acting as a divide of 
two biological pools one Atlantic and another Mediterranean. Such scenario has been 
observed in the scallops Pecten jacobaeus and P. maximus (Ríos et al. 2002), the euphausiid 
Meganyctiphanes norvegica (Papetti et al. 2005, Zane et al. 2000), the barnacles chthamalus 
montagui and C. stellatus (Pannacciulli et al. 1997), the cuttlefish Sepia officinalis (Pérez –
Losada et al. 1999), the Albacore thunnus alalunga (Viñas et al. 2004), and Serranus cabrilla 
(Schunter et al. 2011). 
While much has been investigated on the classification and phylogeography of Mytilus sp. 
from southern European coasts, its taxonomic status in northern Moroccan coast has been 
unclear for a long time due to the environmental plasticity of morphological characters in this 
species (Jaziri et al., 2002). It has been shown that M. galloprovincialis coexists with the 
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green mussel Perna perna in northern Morocco and east of Algiers (Boudjema and Dauvin 
1995, abstract), and that a broad zonal pattern alternates these species along the Atlantic 
coast of Morocco (Id Halla et al., 1995) where intergeneric hybrids have been molecularly 
characterized (Ouaggajou and Presa, unpublished). The mussel M. galloprovincialis has been 
reported inhabiting the Atlantic Morocco as well as the Alboran Morocco, using morphology 
(Lubet, 1973; Zaouali, 1973, Bernhard. 1976; Shafee, 1989, 1992) protein-coding loci 
(Comesaña et al Jaziri et al. 2002., 1998;) nuclear DNA markers (Daguin et al., 1999) and 
mitochondrial DNA markers (Sanjuan et al., 1996), although its fine geographical 
distribution and population dynamics regarding Perna perna, are yet to be deciphered. 
Regardless the interspecific relationships between the two mussel genera coexisting in 
northern Morocco, little has been investigated on the genetic relationships between 
populations inhabiting the Moroccan coast or their relationship with the two European pools 
of M. galloprovincialis. Although several studies have used mussel samples from both 
continents (e.g., Sanjuan et al., 1994, samples from 1985-1988; Daguin et al., 1999, samples 
from 1995-1997; Comesaña et al., 1998, samples from 1996 and other) their relationship 
remains uncertain due to various, an incomplete sampling design, an unbalanced number of 
samples from each mainland (e.g., the time spanned between samplings (from 1 to 3 yr), the 
use of genetic markers generally informative at the interspecific scale only. 
All these shortcomings, together with the lack of knowledge on the extent of latitudinal larval 
dispersal around Gibraltar Strait, hamper the elaboration of a realistic scenario of mussel 
population structure at this intercontinental crossway. For instance, it is unknown whether 
Moroccan mussels exhibit a similar metapopulation pattern to that described for their 
counterparts at Iberian coasts or if additional structural nuances can be worth it considering 
for ecosystem management and marine exploitation policies. 
The present work aimed at estimating the extent of gene flow between mussel populations of 
both, the Atlantic Ocean, the Alboran Sea and the Mediterranean Sea (longitudinal or 
interbasin gene flow) and southern Iberian coast and northern Africa coast (latitudinal of 
intercontinental gene flow). For these two purposes, the population genetic scenario of M. 
galloprovincialis from Moroccan coasts was established using microsatellites isolated in this 
species, as the most informative markers for a fine genetic characterization of populations. 
The joint analysis of Moroccan mussels and the two well characterized mussel pools from 
Chapitre II 
 
40 
 
southern Europe, the Atlantic and the Mediterranean, allow to working out inferences on 
larval dynamics and population connectivity around this intercontinental crossway. 
Materials and methods 
Sampling and DNA extraction 
Twelve populations of the species M. galloprovincialis were sampled by scrapping during a 
biological survey carried out by authors on intertidal rocky areas of the Moroccan coast in 
May 2010. Ten samples were collected in Atlantic Morocco (N = 483) and two samples in 
Alboran Morocco (N = 97) (Figure 1). One reference sample from each, the Atlantic mussel 
gene pool and the Mediterranean gene pool, were used as a representatives of the two gene 
pools from Southern European mussels (e.g., Diz and Presa, 2008). Each sample consisted of 
50 mature mussels (32.41 – 67.85 mm shell length) and the whole sample collection 
amounted for 647 individuals (Table 1). Mantle tissue of each individual was immersed in 
absolute ethanol upon collection and shells were used for the morphological species 
identification according to internal shell characteristics (posterior and anterior adductor 
muscle scars, pallial line, and hinge plate) (Gosling 1992). DNA of mussels was extracted 
and purified from 15 mg of tissue following the FENOSALT protocol for marine taxa (Pérez 
and Presa 2011) and preserved in ultrapure water until biochemical analyses. 
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Figure 1. Populations of M. galloprovincialis sampled along Atlantic and Mediterranean coasts of Morocco. 
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Table 1. Geographic location and codes for 12 samples of Mytilus galloprovincialis from Morocco and two 
outliers (with asterisk) from the Iberian Peninsula, each representative of one mussel gene pool, the 
Mediterranean and the Atlantic.  
 
Molecular analyses 
All the 647 mussels were genotyped with seven polymorphic microsatellites. Four markers 
had been previously applied to describe the genotypic composition of M. galloprovincialis 
from the Iberian Peninsula (Mgμ1, Mgμ3, Mgμ4, and Mgμ5; Diz and Presa, 2008) and 
another one was taken from the Mytilus chilensis genome (Mech8; Ouagajjou et al. 2011). 
Two additional unpublished markers from M. galloprovincialis were used for PCR 
amplification, i.e. microsatellite Mgµ8 ((CA)6; primers: forward 5’-
ATGTCTCCTCAATCTGG-3’; reverse 5’- AAATCGTTAAAAAGCAAT-3’), with 55ºC of 
annealing temperature and 1.6 mM MgCl2, and microsatellite Mgµ9 ((CAAA)9; primers: 
forward 5’-CGCTGTACCTAAAATAAAAGAAA-3’; reverse 5’-
TATACAAAGAGGAACGGATGAA-3’) with 55ºC of annealing temperature and 1.5 mM 
MgCl2. The forward primer of each locus was fluorescently labelled with Cy5 (5-N-N-
diethyl-tetramethylindodicarbocyanine) for laser detection. Amplification reactions were 
Sample origin Code Sample size Coordinates (latitude/longitude) 
Mediterranean sea  134  
Oropesa* MEoro 37 40º08’N/00º15’E 
Nador ALnad 47 35º44’N/05º54’W 
Tetouan ALtet 50 35º63’N/05º29’W 
Atlantic ocean  513  
Ribeira* ATrib 30 42º32’N/08º59’W 
Tanger ATtan 35 35º44’N/05º54’W 
Laârache ATlar 50 35º08’N/05º48’W 
Casablanca ATcas 50 33º34’N/07º40’W 
Eljadida ATjad 49 32º39’N/08º51’W 
Safi ATsaf 50 32º13’N/09º04’W 
Essaouira ATess 50 30º57’N/09º48’W 
Agadir ATaga 50 30º20’N/09º24’W 
Tiznit ATtiz 49 29º08’N/10º41’W 
Laâyoune ATlay 50 27º91’N/13º12’W 
Dakhla ATdak 50 23º43’N/15º57’W 
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performed in an Mastercycler gradient thermocycler (Eppendorf) under the following 
routine: a first denaturing step at 95ºC for 5 min, followed by 35 cycles of 94ºC x 1 min, 
annealing temperature for 1 min, and extension at 72ºC for 1 min; a final extension step was 
allowed at 72ºC for 30 min. Amplified fragments were separated by electrophoresis in an 
ALFexpress-II automatic fragment analyzer (GE Healthcare) and co-migrated with a 
molecular ladder (80 bp, 114 bp, 180 bp, 230 bp, and 402 bp) for allele sizing. Putative 
genotyping errors were minimized through side-by-side comparisons of genotypes that were 
independently scored by two researches and by testing the consistency of the allelic series 
with MICRO-CHECKER 2.2.3 (van Oosterhout et al. 2004). 
Data analyses 
The computer program POWSIM (Ryman and Palm, 2007) was used to estimate statistical 
power in the sample system when testing for genetic differentiation (50 generations of drift, 
effective size of 2000 and 1000 replicates) as well as the proportion of false significant tests 
(Type I error, P < 0.05) for combined test statistics (1000 replicates). Correction assays for 
null alleles were performed with algorithms implemented in FreeNa (Chapuis and Estoup, 
2007). Allele frequencies, observed heterozygosity (HO) and expected heterozygosity (HE) 
were estimated and tests for Hardy-Weinberg expectations were made with GENEPOP 4.0 
(Raymond and Rousset, 1995). The population model of isolation by distance (IBD) was 
explored with ISOLDE (Rousset 1997) as implemented in GENEPOP 4.0 that tests for 
correlation between the geographic distance (km) and a given genetic distance (i.e., [FST(1- 
FST)]) between samples. The genetic variance was partitioned between geographic groups 
(Atlantic Morocco and Alboran Morocco, FCT) and between samples within groups (FSC) 
using the analysis of molecular variance (AMOVA) (Schnëider et al. 2003) as implemented 
in ARLEQUIN 3.11 (Excoffier et al. 2005). The significance of FCT was obtained after the 
proportion of permuted F-values that were larger or equal to the observed value upon 1,023 
permutations of multilocus genotypes among samples. The fixation indices within samples 
(FIS) or between groups (FCT), and between samples within groups (FST) were estimated with 
FSTAT 3.9.5 (Goudet 1995). That program was also applied to test differences in the average 
value of HO, HE, RS, FIS, and FST between groups by implementing 1,000 permutations of 
samples among oceanic groups. The differentiation index D (Jost 2008) and its confidence 
intervals among samples and among grounds were calculated with DEMEtics 2.0 (Gerlach et 
al. 2010) using 1000 bootstrap replicates. Corrections for multiple tests were performed 
using the false discovery rate approach (Benjamin and Hochberg 1995). The correlation 
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between the differentiation index (D) and the fixation index (FST) was explored with SPSS 
17.0. Rough structuring of M. galloprovincialis populations around Gibraltar Strait was 
checked with a Principal Components Analysis (PCA) built upon linear combinations of the 
allele frequencies using GenAlEx 6.41 (Peakal and Smouse 2006). The putative number of 
structural units (k) present in the sample set was obtained after 10,000,000 iterations under 
the uncorrelated allele frequency model and the spatial model (Guillot et al. 2005a) as 
implemented in GENELAND 3.2.4 (Guillot et al. 2005b).  
 
  
Population ALnad ALtet ATtan ATlar ATcas ATjad ATsaf ATess ATaga ATtiz ATlay ATdak ATrib MEoro 
N 47 50 35 50 50 49 50 50 50 49 50 50 30 37 
                             
A (n) 19 (47) 20 (50) 14 (34) 19 (49) 17 (48) 18 (46) 16 (47) 16 (37) 12 (48) 15 (44) 15 (45) 15 (48) 10 (30) 13 (37) 
A private - 1 - - 1 1 - - - - - - - 1 
A mode size 146 146 138 138 138 138 138 138 138 138 132 138 144 142 
A size range 132-174 128-174 132-174 132-170 130-182 120-170 132-166 132-174 132-174 132-168 132-174 132-170 132-156 132-172 
A null allele 0.11 0.095 0.113 0.211 0.349 0.187 0.23 0.307 0.261 0.182 0.288 0.268 0.198 0.135 
HE 0.659 0.72 0.529 0.489 0.208 0.5 0.425 0.27 0.333 0.477 0.311 0.375 0.4 0.594 
FIS 0.257* 0.196* 0.286 0.447* 0.761* 0.430* 0.506* 0.681* 0.594* 0.414*659 0.638* 0.576* 0.470* 0.318* 
Mg                              
A (n) 5 (47) 6 (50) 5 (34) 4 (50) 5 (50) 5 (49) 6 (47) 6 (46) 4 (50) 5 (47) 4 (47) 4 (49) 6 (30) 2 (37) 
A private - - - - 1 - - - - - - - - - 
A mode size 138 138 138 140 140 138 140 140 140 138 140 140 138 138 
A size range 132-142 132-150 132-142 132-150 132-152 132-142 130-140 130-142 132-142 132-142 132-142 132-142 132-142 138-140 
A null allele 0.04 0 0 0 0.015 0 0.082 0 0.063 0.011 0.086 0 0 0.084 
HE 0.446 0.58 0.529 0.46 0.5 0.591 0.383 0.739 0.5 0.531 0.404 0.53 0.633 0.162 
FIS 0.167 -0.022 0.08 0.027 0.113 0.048 0.271 -0.262 0.195 0.105 0.293 -0.006 -0.04 0.319 
Mg                              
A (n) 14 (47) 14 (50) 12 (31) 13 (49) 12 (47) 13 (46) 14 (49) 14 (50) 12 (48) 14 (49) 14 (50) 14 (50) 15 (30) 12 (37) 
A private - - - - - - - - - - - - 3 - 
A mode size 173 173 177 173 173 173 173 167 177 167 173 173 173 175 
A size range 163-189 163-189 161-189 165-189 165-189 165-189 161-187 157-189 165-187 163-189 157-187 161-189 155-199 165-187 
A null allele 0.139 0.152 0.181 0.136 0.106 0.143 0.194 0.152 0.254 0.083 0.117 0.184 0.144 0.033 
HE 0.638 0.6 0.548 0.632 0.702 0.608 0.53 0.6 0.416 0.714 0.66 0.52 0.566 0.729 
FIS 0.304* 0.338* 0.395* 0.303* 0.231* 0.315* 0.420* 0.330* 0.543* 0.199* 0.245* 0.407* 0.336* 0.116 
Mg                              
A (n) 14 (46) 20 (50) 11 (35) 11 (50) 12 (50) 10 (49) 11 (50) 11 (50) 11 (50) 11 (49) 12 (50) 10 (50) 11 (30) 10 (37) 
A private - 3 - - - - - - - - - - - - 
A mode size 128 124 132 132 132 132 132 132 132 132 132 132 132 132 
A size range 116-146 114-152 122-142 122-144 120-142 122-140 120-144 122-144 122-142 122-144 124-148 122-142 122-142 118-140 
A null allele 0.134 0.17 0 0.109 0.063 0.055 0.043 0.115 0.089 0 0.059 0.017 0.006 0.03 
HE 0.63 0.6 0.742 0.56 0.68 0.51 0.62 0.52 0.54 0.693 0.46 0.68 0.733 0.486 
FIS 0.299* 0.360* -0.036 0.284* 0.181 0.177 0.098 0.277* 0.265* 0.001 0.103 0.123 0.098 0.019 
Mgµ8                             
A (n) 13 (45) 14 (50) 10 (35) 11 (50) 11 (50) 8 (48) 8 (49) 11 (50) 9 (50) 9 (49) 8 (50) 9 (50) 14 (30) 14 (36) 
A private - - - - - - - 1 - - - - 1 1 
A mode size 200 190 198 198 190 190 192 192 200 200 198 198 194 198 
A size range 188-214 188-214 188-210 188-210 188-208 190-206 190-204 186-206 190-206 190-206 188-202 190-206 190-220 190-216 
A null allele 0.138 0.121 0.025 0.049 0.129 0.104 0.097 0.051 0.132 0.023 0.155 0.126 0.067 0.001 
HE 0.622 0.68 0.771 0.74 0.6 0.583 0.653 0.68 0.56 0.734 0.46 0.56 0.766 0.888 
FIS 0.310* 0.265* 0.083 0.109 0.286* 0.232 0.211 0.16 0.306* 0.104 0.376* 0.290* 0.163 0.034 
Mgµ9                             
A (n) 31 (45) 26 (49) 24 (35) 24 (50) 29 (50) 20 (49) 27(50) 24 (50) 26 (49) 20 (49) 18 (48) 25 (50) 22 (30) 21 (37) 
A private - - 1 1 1 - 1 - - - - 1 - - 
A mode size 229 229 219 229 229 229 227 225 229 225 219 225.229 245 225 
A size range 197-273 197-267 193-273 201-281 185-277 199-273 195-277 201-259 195-273 197-269 203-255 189-267 211-267 209-267 
A null allele 0.158 0.135 0.152 0.207 0.143 0.172 0.128 0.068 0.13 0.248 0.088 0.18 0 0.054 
HE 0.644 0.673 0.628 0.52 0.64 0.591 0.66 0.76 0.693 0.428 0.75 0.6 0.966 0.756 
FIS 0.328* 0.279* 0.329* 0.440* 0.298* 0.359* 0.272* 0.167 0.270* 0.533* 0.185* 0.372* -0.036 0.163 
Mgµ10                             
A (n) 6 (47) 8 (50) 7 (35) 8 (50) 8 (50) 7 (47) 7 (50) 6 (50) 8 (50) 9 (49) 8 (50) 7 (50) 7 (30) 5 (37) 
A private - 1 - 1 - - - - - - - - - - 
A mode size 203 203 203 203 203 203 203 203 203 203 203 203 203 203 
A size range 193-209 191-209 197-211 197-217 193-211 197-213 197-211 199-213 193-211 193-213 195-211 193-211 199-211 201-211 
A null allele 0.124 0.177 0.149 0.071 0.074 0.129 0.148 0.212 0.207 0.244 0.13 0.153 0.077 0.079 
HE 0.361 0.36 0.485 0.64 0.54 0.53 0.44 0.34 0.4 0.265 0.42 0.44 0.533 0.405 
FIS 0.385* 0.443* 0.376* 0.174 0.226 0.279 0.371* 0.528* 0.472* 0.612* 0.323* 0.383* 0.229 0.176 
Table 2. Variation of seven microsatellites in 12 Moroccan samples and two outliers of M. Galloprovincialis from the Iberian Peninsula (ATrib and MEoro). 
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Results 
Genetic diversity 
The seven polymorphic microsatellites analyzed comprised 135 alleles. The averaged number 
of alleles per locus was 12.655 ± 6.354 across loci and ranged from 9 (Mgµ3) to 46 (Mgµ9) 
(Data not shown). Modal allele sizes were similar across samples at most loci but differed 
between Alboran Morocco and Atlantic Morocco for locus Mgµ1 (146 bp vs. 138 bp, 
respectively) and locus Mgµ5 (124-128 bp vs. 132 bp, respectively) (Table 2). The genetic 
parameters HO, HE, and FIS did not differ between samples or groups at the 1% nominal level. 
The allelic richness (RS) as well as the average number of alleles per locus (Na) were 
significantly (p = 0.008; 5,000 permutation tests) higher in Alboran Morocco (RS = 13.593; 
Na = 15.000 ± 7.656) than in Atlantic Morocco (RS = 10.986; Na = 12.186 ± 6.015). The 
average number of alleles specific of sample did not differ among samples and averaged 2.50 
± 1.77 in Alboran Morocco (two samples), 1.00 ± 0.942 in Atlantic Morocco (ten samples), 
and 3.00 ± 1.414 in the two outgroups (Table 2). The deficit of heterozygotes averaged 0.123 
± 0.078 across loci and samples. The corrections made in the genotypic proportions to palliate 
the heterozygosity deficit putatively due to null alleles (INA method) neutralized the observed 
deficit but artificially homogenized the genotypic composition across samples. 
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Figure 2. Mantel test used to explore the correlation between the genetic distance and the geographic distance 
between pairs of samples of M. galloprovincialis from the Moroccan coast (r
2
 = 0.1349, p = 0.025). 
Genetic differentiation 
The statistical power estimated in the sample system using an effective size of 2,000 and 
1,000 replicates was 1.0, irrespective of the calculation method used (chi-square or Fisher’s). 
Estimates of type I error from combined test statistics using Chi-square and Fisher’s methods 
on an effective size of 2,000 were 0.046 and 0.062, respectively. The regression performed 
with a Mantel test showed a significant correlation between the genetic distance and the 
geographic distance (r
2
 = 0.135, p = 0.020, under the hypothesis of independence) (Figure 2). 
The molecular variation between the coastal groups of Atlantic Morocco and Alboran 
Morocco, (3.07%, AMOVA d.f. = 1; p = 0.0186) was higher than that among samples within 
groups (1.02%, AMOVA, d.f. = 10; p = 0.00) or that among samples (2.00%, AMOVA, d.f. = 
11; p = 0.00) (Table 3). 
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Table 3. Hierarchical analysis of Molecular Variance (AMOVA) for seven microsatellites analyzed in 12 
samples of M. galloprovincialis from the two Moroccan oceanographic groups (Atlantic Sea and Alboran Sea); * 
indicates that probability that the observed values were equal or smaller that those expected by random is p ≤ 
0.05. 
 
The largest gene flow was observed within groups (Alboran Morocco, FST = 0.000; Atlantic 
Morocco, FST = 0.012 ± 0.007) (Data not shown). Intermediate FST distances were observed 
between the two Moroccan groups (FST = 0.038 ± 0.010), as well as between any Moroccan 
sample and the Atlantic outgroup (FST = 0.044 ± 0.006). The significant reduction to gene 
flow between continents was similar in the Atlantic (Atlantic ougroup (ATrib) versus Atlantic 
Morocco; FST = 0.045 ± 0.006) than in the Alboran Sea (ATrib versus Alboran Morocco; FST 
= 0.040 ± 0.000). The divergence observed among Atlantic groups was half that between any 
Moroccan sample and the Mediterranean outgroup (FST = 0.074 ± 0.010) (Table 4). This 
reduced gene flow with the Mediterranean was patent in the two Moroccan gene pools, i.e. 
Alboran Morocco versus MEoro (FST = 0.078 ± 0.004) and Atlantic Morocco versus MEoro 
(FST = 0.073 ± 0.011).  
 
 
Source of variation d.f. Sum of 
squares 
Variance 
components 
Percentage of 
variation 
Fixation 
indices 
Among groups 1 33.671 0.08513 3.07 FCT = 0.030* 
Among samples within groups 10 61.473 0.02830 1.02 FSC = 0.010* 
Among samples 11 95.144         0.05419 2.00 FST = 0.020* 
Among individuals within samples 568 1939.586 0.75954 27.43 FIS = 0.284* 
Within individuals 580 1099.500 1.89569 68.47 FIT = 0.313* 
Total 1159 3134.230 2.76866   
Chapitre II 
 
49 
 
 
  ALnad ALtet ATtan ATlar ATcas ATjad ATsaf ATess ATaga ATtiz ATlay ATdak ATrib MEoro 
ALnad - 0.036 0.217** 0.163** 0.109** 0.188** 0.205** 0.206** 0.140** 0.177** 0.229** 0.168** 0.277** 0.312** 
ALtet 0 - 0.240** 0.198** 0.151** 0.221** 0.263** 0.277** 0.221** 0.254** 0.261** 0.198** 0.297** 0.367** 
ATtan 0.038* 0.039* - 0.080** 0.079** 0.075** 0.107** 0.104** 0.103** 0.077* 0.106** 0.105** 0.237** 0.262** 
ATlar 0.034* 0.035* 0.012 - 0.025 0.093** 0.084** 0.091** 0.072** 0.085** 0.123** 0.068* 0.259** 0.306** 
ATcas 0.019* 0.023* 0.011 0.002 - 0.069** 0.092** 0.074* 0.070* 0.065* 0.125** 0.061** 0.257** 0.280** 
ATjad 0.044* 0.044* 0.011* 0.019* 0.013* - 0.103** 0.091** 0.134** 0.087** 0.098** 0.086** 0.295** 0.295** 
ATsaf 0.038* 0.042* 0.013* 0.008* 0.011* 0.016* - 0.021 0.079** 0.014 0.086** 0.089** 0.257** 0.243** 
ATess 0.039* 0.044* 0.013 0.009* 0.007 0.013* 0 - 0.066** 0.026 0.107** 0.059** 0.265** 0.258** 
ATaga 0.030* 0.037* 0.013* 0.009* 0.01 0.025* 0.007* 0.007* - 0.043 0.122** 0.107** 0.277** 0.271** 
ATtiz 0.031* 0.039* 0.007 0.013* 0.008 0.013* 0 0.002 0.001 - 0.083** 0.098** 0.241** 0.218** 
ATlay 0.058* 0.059* 0.023* 0.023* 0.024* 0.019* 0.016 0.02 0.022* 0.013 - 0.072** 0.276** 0.220** 
ATdak 0.033* 0.032* 0.018* 0.006* 0.004 0.016* 0.011* 0.004 0.019* 0.017* 0.019* - 0.233** 0.266** 
ATrib 0.040* 0.040* 0.045* 0.040* 0.039* 0.052* 0.043* 0.046* 0.045* 0.043* 0.057* 0.038* - 0.195** 
MEoro 0.075* 0.081* 0.070* 0.092* 0.078* 0.067* 0.072* 0.079* 0.075* 0.057* 0.060* 0.083* 0.061* - 
Table 4. Pairwise estimates of differentiation (D, above diagonal) and gene flow (FST, below diagonal) 
estimated on each pair of samples for seven microsatellites. Dotted lines separate four oceanographic groups of 
samples from the first column. The statistical significance for D was inferred from its 95% confidence interval 
after 500 bootstrap replicates (*p ≤ 0.05; **p ≤ 0.001). The statistical significance for FST was obtained through 
100 MC batches of 5,000 iterations each and alpha=0.05; the adjusted nominal level for multiple comparisons 
was alpha = 0.000549). Non-significant pairwise values are bolded. 
 
Figure 4. Pearson regression between gene flow (FST) and genetic 
differentiation (D) for 11 moroccan samples (R2 = 0.834, p = 0.000) sampled 
in 2008. 
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Most differentiation values (D) were significant upon their 95% confidence interval (Table 4). 
Despite D was in general one order of magnitude higher than FST (mean FST = 0.054 ± 
0.039; mean D = 0.179 ± 0.080) both indices identified the same significant pairwise 
divergences. Irrespective of the large sensitivity of both, microsatellites and genetic indices, to 
small genetic differences among samples, both indices achieve their maximum relative values 
on the same pairwise comparisons, e.g. between the northern control (ANT) or the southern 
control (VAL) plus HUA versus the core cluster of the studied interval (from PAZ to CBA). 
Both indices, FST and D, were significantly correlated (Spearman rs = 0.92, p < 0.001). The 
corrected fixation index FST/(1- FST) as well as the differentiation coefficient D were 
positively correlated with the geographical distance (R2 = 0.38, p < 0.001, and R2 = 0.41, p < 
0.001, respectively) (Figure 4) 
The distribution of allele frequencies showed a significant larger average number of 
heterogeneous loci between Alboran Morocco and Atlantic Morocco (5.45 ± 0.91) than 
among Atlantic Morocco samples (4.20 ± 1.19, p =0.00) or between Alboran Morocco 
samples (3.00 ± 0.0, p = 0.011). The two-dimensional Principal Component Analysis (PCA) 
of linear combinations of allele frequencies explained 31% of the variation and conspicuously 
sorted out a single major group comprising all the Atlantic Morocco samples (Figure 3). 
 
Figure 3. Principal Component Analysis (PCA) of linear combinations of microsatellite allele 
frequencies showing the grouping of all samples of M. galloprovincialis from Atlantic Morocco 
and their divergence from those of Alboran Moroco (ATnad and ATtet) as well as from the two 
Iberian outgroups (MEoro and ATrib). 
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The spatial model implemented in GENELAND considering co-segregation of null alleles, 
showed three most likely genetic pools (k = 3) for M. galloprovincialis in southwestern 
Europe (Figure 5). One pool comprised the three Atlantic Morocco samples from TIZNIT to 
TANGER; a second pool comprised the Mediterranean sample MEoro, and a third pool 
comprised the Atlantic outgroup together with Alboran samples from northern Morocco. 
  
 
Figure 5. Map of posterior probability to belong to one of three mussel pools (k = 3) obtained after 10,000,000 
iterations when the spatial model with uncorrelated allele frequencies implemented in GENELAND 3.2.4 was 
enforced for microsatellite data. (a) Moroccan Atlantic, (b) Mediterranean (c) Alboran and Atlantic Iberia 
clusters. Color shift on the map marks the split between the three gene pools and coincides with the Gibraltar 
Strait (a), the AOOF Front (b) or both of them (c). 
Discussion 
The present study addresses the distribution of neutral genetic diversity along the full 
Moroccan coast upon the largest mussel sampling coverage so far performed on the north-
African coast. The large sampling combined with the amount of variation afforded from seven 
microsatellites, allowed to depict a new scenario of connectivity in northern Morocco, where 
Gibraltar Strait seems to act as the main restriction to gene flow seems between Alboran and 
the Atlantic. Opposite to the wide Atlantic homogeneity reported with more conservative 
markers, present results imply the existence of at least three gene pools in M. 
galloprovincialis from southern Europe: the Atlantic Iberian one including the Alboran Sea, 
the Moroccan Atlantic and the Mediterranean one. 
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Genetic diversity of Moroccan mussels 
A high coherence exists among the allelic diversities reported from the three biogeographical 
domains so far scrutinized with present microsatellites, i.e. Iberian Peninsula (6 loci and 682 
individuals from 17 locations, Diz and Presa 2008), Galician Rías (6 loci and 1055 individuals 
from 27 locations, Diz and Presa 2009) and Moroccan coasts (7 loci and 580 individuals from 
12 locations), i.e. 130, 151 and 135 allelic states respectively; 21.67+7.09, 20.67+7.71 and 
19.67+9.67 alleles per locus, respectively. Provided that this species shows a metapopulation-
like pattern at Iberian coasts (Diz and Presa 2008), this across-studies diversity comparison 
highlights the importance of a good spatial sampling coverage to trap as much genetic 
diversity as possible. Also sampling size must be an issue when dealing with microsatellites 
since rare alleles are easily lost by sampling drift. Such rare alleles have not probably any 
large influence on the differentiation pattern of populations but are highly relevant at 
estimating migration rates and allelic richness for management purposes (Petit and Mousadik 
1998). Although gene diversity levels observed in M. galloprovincials from Morocco were 
larger than those found in other marine bivalves (Vadopalas et al. 2004), its gene diversity 
(HE. 0.552±0.127) was less than that found in Iberian mussels (HE = 0.770, Diz and Presa 
2008) for the same type and number of markers. Since the number of alleles scored was 
similar in both studies any straightforward explanation can be given to this latitudinal 
difference in gene diversity. 
The average heterozygote deficit observed across loci and samples (0.123±0.078) and 
especially at some loci (e.g. Mgµ1, Mgµ9 and Mgµ10) is a common feature in molecular 
markers of marine bivalves (e.g. Zouros and Foltz 1984, Raymond et al. 1997, Zouros et al. 
1988). Particularly, it has been reported in population studies of M. galloprovincialis 
performed with allozymes (e.g. Koehn 1991, Quesada et al. 1995a) or several DNA markers 
(Daguin and Borsa 1999) and also with microsatellites on Iberian samples (Diz and Presa 
2008). That deficit can be due to several phenomena as for instance size homoplasy, allele 
miss-scoring (allele drop-out) or locus miss-priming (Vadopalas et al. 2004). However, 
primer-site sequence variation resulting in null locus amplification seems to be common in 
molluscan microsatellites (e.g. Hedgecock et al. 2004) and is the most parsimonious 
explanation for the observed heterozygote deficit. Hitch hiking of a priori neutral 
microsatellites to genes under selection (e.g. Beaumont et al. 2005) or subpopulation 
admixture (e.g. Kenchington et al. 2006) have also been proposed as causative forces of 
heterozygote deficit, but its experimental evidence is far from being affordable upon present 
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population data. The corrections made in the genotypic dataset to accomodate the 
heterozygote deficit as the result of a putative null allele segregating across samples in some 
loci, resulted in the adjustment of all samples to the genotypic proportions expected under 
equilibrium. However, while the theoretical frequency of null alleles being equal between the 
Alboran (0.121±0.048) and the Atlantic (0.124±0.083) suggests that the same nulls could 
segregate at the same frequency at both geographical domains, the current common null 
frequency corrections would artefactually homogenize both genetic pools. Moreover, such 
corrections (e.g. MICROCHECKER, FREENA) usually provoke a larger FIS bias than the 
simple use of the observed genotypic frequencies (Chapuis and Estoup 2007) and therefore 
row uncorrected data were used in the present study.  
Noteworthy, the qualitative difference in modal allele sizes observed at loci Mgµ1 and Mgµ5 
between Alboran samples and Atlantic samples suggests that some degree of isolation exists 
between those two oceanographic basins. Although different modal allele sizes at two loci 
could be due to random fluctuation of allele frequencies, the significant divergence in allelic 
richness (RS) and number of alleles per locus (Na) between those basins also supports their 
non panmictic connectivity pattern which is further explored below.  
Phylogeographic pattern of Moroccan mussel populations 
Irrespective of the lack of congruence of the present population pattern regarding previous 
studies developed in the last decades on Moroccan mussels, the high statistical power of the 
sample/microsatellite system under distinct priors and methods allows to refute the null 
hypothesis of genetic homogeneity among basins and supports the population scenario 
afforded from genetic and statistical analyses that are also mutually congruent. The weak 
correlation between the genetic distance and the geographic distance suggests a scenario of 
connectivity in the Atlantic Morocco that is only marginally compatible with a model of 
Isolation by distance (IBD) (Kimura and Weiss 1964). Several marine fishes with high-
dispersal fit this model (Castric and Bernatchez 2003) but the large residual variance of that 
correlation indicates that factors other than the geographic distance can better explain the 
population genetic scenario in the Atlantic. Since the IBD model develops as genetic drift and 
gene flow approach equilibrium (Wright 1943), this poor IBD fit in mussel is probably due to 
the gene flow barrier effect of Gibraltar Strait.  
The overall genetic distance between hake samples (FST = 0.011) was in the range reported 
for Iberian mussels using microsatellites (Diz and Presa 2008). The genetic distance (FST) 
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calculated between all the groups supported the existence of three major population units: the 
Mediterranean, the Atlantic Iberia and the Atlantic Morocco). These groups were comprised 
by populations ascribed to a given oceanographic region, i.e. Mediterranean Iberian coast 
(East from Almería), Atlantic Iberian coast, Alborán Moroccan coast, and Atlantic Moroccan 
coast (Figure 1). The main multilocus discontinuity among African samples observed at 
Gibraltar Straight was also patent by average number of heterogeneous loci between Alboran 
Morocco and Atlantic Morocco (5.45 ± 0.91) than among Atlantic Morocco samples (4.20 ± 
1.19, p =0.00) or between Alboran Morocco samples (3.00 ± 0.0, p = 0.011). 
The qualitative composition of those groups is not always straightforwardly identified after 
inspection of divergence indices such as FST or D because they are too sensitive to small 
gene diversity or allelic diversity variations among samples, respectively, which are inherent 
to neutral microsatellites. Despite D was one order of magnitude higher than FST (mean FST 
= 0.054±0.039; mean D = 0.179±0.080) both indices identified the same significant pairwise 
divergences, being FST more conservative than D. Therefore, the strong correlation observed 
between both indices points to their equivalence at depicting population structuring, at least at 
the present level of differentiation among neighbouring conspecific populations. Irrespective 
of the large sensitivity of both, microsatellites and genetic indices, to small genetic differences 
among samples, both indices achieve their maximum relative values on the same pairwise 
comparisons, e.g. between the Mediterranean outgroup and any of the Atlantic samples. 
A population split between the Moroccan populations has been made patent herein with 
microsatellites regarding the significant FST observed between the Alboran and the Atlantic 
coasts of Morocco. In fact the largest molecular variation observed between the mussel 
groups of Atlantic and Alboran, (3.07%) as well as the largest gene flow observed within 
these groups, marked a split in the Morocan coast that is congruent with a non-IBD non-
panmictic scenario. This split at the Gibraltar Strait was characterized by intermediate genetic 
distances that were patent both between ATrib and Alboran Morocco; FST = 0.040 ± 0.000) 
and between the two Moroccan groups (FST = 0.038 ± 0.010). Noteworthy this distance is 
quite similar to that observed between any Moroccan sample and the Atlantic outgroup (FST = 
0.044 ± 0.006) indicating that the significant reduction to gene flow between seas was similar 
to that between continents, the European and the African. Even though this genetic divergence 
was less than the Atlantic-Mediterranean divergence regarding the value of FST, it was not 
consistent with previous studies, i.e. Comesaña et al. (1998) and Jaziri and Benazzou (2002). 
Mussel from Iberian populations had shown a main interbasin restriction to gene flow 
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imposed by the AOOF barrier (e.g., Diz & Presa 2008, Sanjuan et al. 1994, Quesada et al. 
1995a), and Jaziri and Benazzou 2002 for a Moroccan-Mediterranean divergence. In fact, the 
genetic differentiation of the MEoro Mediterranean outgroup was nearly twice those 
involving the Atlantic outgroup ATri and had a FST five times higher than any of the 
distances within groups of samples This strong Atlantic-Mediterranean split was previously 
observed by Diz and Presa (2008) with microsatellites and is patent here in the two Moroccan 
gene pools, i.e. Alboran Morocco versus MEoro (FST = 0.078 ± 0.004) and Atlantic Morocco 
versus MEoro (FST = 0.073 ± 0.011).  
Congruence among genetic, statistical and species’ scenarios  
The divergence level found with FST and D between Moroccan samples and Mediterranean 
or Atlantic outgroups was in agreement with the groups of samples identified using either, 
pure statistical assumptions (PCA) or genetically based algorithms (Geneland). On one hand 
the Principal Component Analysis have shown two major clusters of Moroccan mussels 
which are differentiated from the two out groups (Ribeira and Oropesa) and so support the 
previous results of FST and AMOVA.  
The map built upon the posterior probability of belonging to one of three mussel groups (k = 
3) identified the divide between the moroccan genetic clusters at Gibraltar Strait which 
coincides with the sample site of Tanger (ATtan). Therefore the main multilocus discontinuity 
among south European mussels exists at the AOOF but a second significant split exists at 
Gibraltar Straight, separating two pools of Moroccan samples the Alboran Morocco group 
and an Atlantic Morocco group. The second split divides the mediterranea outgroup from the 
rest of populations and coincides with the area where the well-characterized oceanic front 
AOOF (Tintoré et al. 1991) has been reported causative of phylogeographic splits in many 
marine species (see Bargelloni et al. 2003). Noteworthy, a recent study performed on Serranus 
cabrilla using particle dispersion simulations and population genetic data has shown a similar 
pattern of dispersion in 2001 as in 2004, which supports the temporal stability of the AOOF 
as a consistent biogeographical barrier (Schunter et al. 2011). This physical AOOF role at 
shaping population scenarios in many species contrasts with selective explanations given in 
some studies to the Atlantic – Mediterranean genetic divergence. For instance, a causal 
relationship between salinity-temperature and interpopulation divergence has been suggested 
upon allozyme variation between both sides of the AOOF (Cimmaruta et al. 2005). 
Obviously, a mathematical correlation of genetic and physical factors does not imply their 
functional dependence. More recently, a priori non-neutral SNPs markers were selected to 
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discriminate the origin of commercial hakes from both basins (Nielsen et al. 2012). The 
subjacent molecular variation of the ascertained FST-outliers from-EST-derived SNPs 
showed a significant and diagnostic divergence between hakes from both basins. Provided 
that selected SNPs had been drawn from a cDNA library, authors causally ascribed the 
genotypic divergence to selective forces acting on those polymorphisms, thus enforcing 
distinct selective-but-unknown selective pressures between the Atlantic and the 
Mediterranean (Nielsen et al. 2012). As a precautionary measure, extra-care should be taken 
before invoking selection on microsatellite polymorphisms, especially if no empirical 
demonstration is affordable. Moreover, studies that select highly variable FST-outlier SNPs 
undoubtedly increase the discrimination power to detect interbasin structure but such 
ascertained data are probably useless for any other inference (Haasl and Payseur 2011), e.g. 
little can be said on population dynamics, causative forces maintaining this regional hake split 
or its historical permanence from ascertained data. When possible, we propose the adoption of 
a conservative view when a more-parsimonious, energetically-cheaper and biogeographically-
congruent, neutral explanation for population divergence could be enforced without 
conceptual handicaps. Altogether, present and previous molecular data on several species (e.g. 
Schunter et al. 2011), indicate that the AOOF is a consistent gene flow barrier over time and 
across species and also in mussels (e.g. see Sanjuan et al. 1994 vs. Diz and Presa 2008). Such 
AOOF oceanographic barrier explains satisfactorily the biological split in many species with 
very different physiological requirements (e.g. Chthamalus montangui, C. Stellatus, 
Meganyctiphanes norvegica and Sepia officinalis) without the need to invoking selection.  
Congruence with previous genetic Patterns of mussels around the biogeographic region of 
Gibraltar-Alboran  
The main biogeographical breakpoint determining a reduced gene flow between northern 
Moroccan populations seems to be Gibraltar Strait. This result contrasts with previous 
allozymic studies on northern Moroccan mussels in which Nadour and Tétouan populations 
from Alboran Sea showed null (Comesaña et al. 1998) or very weak divergence from Atlantic 
populations (Daguin and Borsa 1999; Jaziri and Benazzou, 2002). Another interesting result is 
the genetic divergence between Alboran populations from Morocco versus those from 
Atlantic Iberia (e.g., ATrib), these later showing a genetic continuity from the Cantabric Sea 
to the Almería-Oran Oceanographic Front (Diz and Presa 2008). This result suggests that such 
distinct distributions are likely determined by the specific current dynamics of the Alboran 
Sea, characterised by gradients of temperature and salinity, strong water currents, and 
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multiple eddies and gyres that flow anticyclonically from SE Iberian Peninsula (Almeria) to 
Algeria (Oran) (Tintoré et al. 1998). The oceanographical confinement of Alboran mussels 
from northern Morocco, leaning south from the main Atlantic current that flows eastward 
through Gibraltar Strait, could help to explain the gene flow limitation among Alboran Sea 
mussel populations.  
However Gibraltar strait has a particular importance as a zone of strong genetic gradients, 
especially that a majority of 16 species from northeastern Atlantic and Mediterranean, either 
tropical or subtropical or boreal fishes, or coastal invertebrates, it revealed a moderate to 
strong genetic cline between each side of the Gibraltar strait area (Borsa et al. 1997b). 
Moreover Gibraltar strait has been proposed in many studies for different species as to be the 
divide point between Atlantic and Mediterranean marine biogeographical areas, i.e. the 
barnacles Chthamalus montagui Southward and C. Stellatus (poli) (Pannacciulli et al. 1997) 
and Lithognath mormyrus and Dentex dentex (Bargelloni et al. 2003). These biogeographicals 
knowledge allow us to better understand the impact of climate and/or tectonic changes on the 
marine fauna relationships especially of M. galloprovincialis around Almeria-Oran 
Oceanographic Front (AOOF) and Gibraltar strait. 
This biological connection along Iberian coasts probably flows from the Atlantic to the 
Mediterranean, what is in agreement with well-known patterns of oceanic currents in 
Gibraltar Strait and Alboran Sea (Tintoré et al. 1988, Millot 1999, Robinson et al. 2001). 
Altogether, these molecular data suggest that while high gene flow exists within basins their 
episodic connection might have been predominantly unidirectional in the past. Temporal 
estimates of divergence afforded from cytochrome b molecular clock for vertebrate fishes 
(evolving at a rate of 0.94% to 3.05% per 1,000,000 years Van Houdt et al. 2003) and 
considering the standard mitochondrial clock (2% per 1,000,000 years) (Brown et al. 1979), 
indicated a 0.3% interbasin divergence in hakes from both basins, dating back the separation 
between basins to 150,000 years BP. This figure fits into the late Middle Pleistocene 
geological time when connectivity between Atlantic and Mediterranean basins was limited by 
a spectacular reduction of sea level depth in 130 m below the current level. Such 
oceanographic feature is thought to be causative of a significant gene flow restriction between 
those basins in many marine species (e.g., Patarnello et al. 2007) but its dating form mussels 
is still pending. In conclussion, there are two barriers to gene flow along the moroccan coast 
for mussels, one geological due to the physical impedement across Gibraltar strait that does 
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not limit the iberian connectivity. A second one is oceanographic limiting latitudinally the 
connection between continents at the alboran sea. 
The population scenario clarified here around Moroccan coast is relevant to the ecological 
protection and aquaculture sustainability of mussels under a scientific management. 
Clarifying the taxonomic status of M.galloprovincialis in Moroccan coasts from the 
Mediterranean Sea to the south Moroccan Atlantic coast (Dakhla) is relevant for conservation 
of biodiversity since with the global rise in shipping over the last century, coastal marine 
habitats have been mattered to rising rates of importation of other species (Carlton 1996; 
Grosholz 2002) especially those species that have commercial value or can be easily 
transported in ballast water such as mussels.  
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Resumen 
El estatus taxonómico del mejillón chileno Mytilus chilensis ha sido controvertido durante 
mucho tiempo debido a su proximidad fenotípica y genética a otras especies del género 
Mytilus en ambos hemisferios. Este mejillón se distribuye principalmente en la costa de Chile 
y su cultivo se ha desarrollado masivamente en áreas naturales. Los sectores industriales y 
científicos han impuesto la necesidad de la gestión genética propia de esta especie utilizando 
marcadores microsatélite como marcadores más informativo a nivel intraespecífico (Estoup et 
al., 1994). El elevado polimorfismo de los microsatélites se utiliza comúnmente para 
examinar la diversidad genética de invertebrados (cartografía, asignación, pérdida de 
diversidad genética... etc.) (Bouzas et al., 2007). Hasta el momento, no se habían aplicado 
marcadores microsatélite en diferentes especies de Mytilus (M. galloprovincialis, M. edulis, 
M. trossulus y M. californianus) porque algunos presentan cross-amplifications entre ellos. En 
este estudio nos planteamos dos objetivos principales, el desarrollo de marcadores 
microsatélites para M. chilensis y la prueba de cross-amplification de estos microsatélites en 
M. galloprovincialis, M. edulis y M. trossulus para aplicarlos en el manejo genético de sus 
poblaciones y stocks de acuicultura. Esta cross-amplification puede ayudar a aclarar el estatus 
taxonómico de M. chilensis, si los microsatélites clonados al azar están próximos a alguna de 
las otras especies o esta especie merece su propio estatus como especie dentro del género 
Mytilus. De los treinta microsatélites seleccionados, nueve microsatélites independientes 
fueron polimórficos en M. chilensis y el número de alelos por locus microsatélites varió entre 
cuatro y nueve, mientras que la heterocigosis observada varió entre 0,182 y 0,750. La 
ausencia de amplificación de la mayoría de estos microsatélites en otras especies de Mytilus 
sugiere que M. chilensis es una especie distinta y merece su propio estatus genético dentro del 
género Mytilus. 
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Résumé 
Le statut taxonomique de la moule chilienne Mytilus chilensis a été controversé pour une 
longue durée à cause de sa proximité phénotypique et génétique aux autres espèces de genre 
Mytilus dans les deux hémisphères. Cette moule est distribuée principalement dans côtes 
chiliennes et développée en culture en masse dans les zones naturelles. Les secteurs 
scientifiques et industriels ont imposé la nécessité d’une gestion génétique propre de cette 
espèce en utilisant des marqueurs microsatellites autant qu’un marqueur le plus informatif au 
niveau intraspécifique  (Estoup et al 1994). Le polymorphisme élevée des microsatellites est 
communément utilisé pour examiner la diversité génétique chez les invertébrés (cartographie, 
affectation, la perte de la diversité des gènes…etc) (Bouza et al. 2007). Jusqu’à aujourd’hui, 
les marqueurs microsatellites ont été reportés chez les différentes espèces du Mytilus (M. 
galloprovincialis, M. edulis, M. trossulus and M. californianus) dont certains ont des cross-
amplifications entre eux. Dans cette étude nous avons deux objectifs majeurs, le 
développement des marqueurs microsatellites pour M. chilensis et le test de la cross-
amplification de ces microsatellites dans M. galloprovincialis, M. edulis and M. trossulus 
pour quels soient appliquer dans la gestion génétique de ses populations et l’aquaculture des 
stocks. Cette cross-amplification peut aider à clarifier le statut taxonomique de M. chilensis, si 
les microsatellites clonés aléatoirement sont proches de l’un des espèces témoins ou bien cette 
espèce mérite son propre statut comme une espèce complète à l’intérieur du genre Mytilus. 
Neuf (indépendant) parmi trente microsatellites ont été polymorphiques chez M. chilensis et le 
nombre d’allèle par locus varie entre quatre et neuf,  alors que l’hétérozygotie observée varie 
entre 0.182 et 0.750. La déficience de l’amplification de la plupart de ces microsatellites chez 
les autres espèces de Mytilus suggère que M. chilensis est une espèce distincte et mérite son 
propre concept biologique et génétique  à l’intérieur de genre Mytilus.  
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MICROSATELLITES OFMYTILUS CHILENSIS: A GENOMIC PRINT OF ITS TAXONOMIC
STATUS WITHINMYTILUS SP.
YASSINE OUAGAJJOU,1 PABLO PRESA,1 MARCELA ASTORGA2 AND MONTSE PE´REZ1*
1University of Vigo, Faculty of Marine Sciences, Department of Biochemistry, Genetics and Immunology,
36310 Vigo, Spain; 2Instituto de Acuicultura & Cien-Austral, Universidad Austral de Chile, Sede Puerto
Montt, Chile
ABSTRACT The taxonomic status of the Chilean blue musselMytilus chilensis has been controversial for decades because of
its phenotypic and genetic proximity to other species of the genus Mytilus from both hemispheres. This study reports the
development of nine polymorphic microsatellite markers from the M. chilensis genome. The number of alleles per locus ranged
between four and nine, and the observed heterozygosity ranged from 0.182–0.750 in a wild sample of 24 individuals from Caicae´n
(Chiloe´ Region, Chile). Lack of efﬁcient ampliﬁcation of many of these microsatellite loci in otherMytilus species suggests that
M. chilensis is a valid, distinct species within the genus. These new markers would be useful in ﬁne-scale population analyses of
M. chilensis as well in the aquaculture management of this marine resource.
KEY WORDS: Mytilus chilensis, microsatellites, blue mussels, cross-priming
The Chilean blue mussel or ‘‘chorito,’’ Mytilus chilensis
(Hupe, 1854) is thought to be distributed between the Chilean
localities of Arica (18 S) and Cape Horn (56 S) (Lancellotti &
Va´squez 2000), with abundant natural banks south from
Arauco. Chilean ‘‘mitiliculture’’ has been mainly developed on
mass culture ofMytilus chilensis from natural banks of Los Lagos
Region, Reloncavi Bay, Reloncavi Fiords and around Chiloe´
Island (3915# S–4404# S). During the past decade, the pro-
duction of this resource has dramatically increased from 23,000 t
in 2000 to 175,728 t in 2009 (Sernapesca 2009). Therefore, this
blue mussel is one of the most promising aquaculture resources
for coming decades in Chile.
The industrial and scientiﬁc sectors in Chile have recently
expressed the necessity for a proper genetic management of this
species using microsatellites as one of the most informative ge-
netic markers at the intraspeciﬁc level (Estoup et al. 1993). The
large polymorphism of microsatellite loci is commonly used to
deal with intraspeciﬁc gene diversity in vertebrates (mapping,
marker-assisted selection, parent–offspring assignment, gene di-
versity losses, and so forth) (Bouza et al. 2007) However, the use
of microsatellites in invertebrates can be problematic because of
the poor conservation ofmicrosatellite-ﬂanking sequences within
species (Reece et al. 2004) and the low abundance of micro-
satellites in bivalve genomes (Cruz et al. 2005).
The ﬁrst microsatellites within the genus Mytilus were
developed by Presa et al. (2002). Although those microsatellites
work properly inMytilus galloprovincialis (see, for example, Diz
and Presa (2008, 2009)), they do not amplify as consistently in
its congeneric species as initially shown. This was probably
a result of the sensitivity of the genotyping system used. For
example, the AlfExpressII genotyping system (GE Healthcare)
used to calibrate microsatellites by Presa et al. (2002) imple-
mented a zoom-in function that allows visualization of all PCR
amplicons even if they are extremely weak, as occurred inMytilus
edulis andMytilus trossulus (see, for instance,Mech9 inM. edulis,
Fig. 1B). To our knowledge, this is the explanation for the lack of
results in cross-priming assays using instruments lacking the
zoom-in property. Up-to-date microsatellite markers have been
reported for variousMytilus species: 15 forM.galloprovincialis (7
by Presa et al. (2002) and 8 by Yu and Li (2007)), forM. trossulus
with 4 of them cross-amplifying in M. edulis (Gardestro¨m et al.
2008), 10 forM. edulis (Lallias et al. 2009), and 9 forMytilus
californianuswith some of them cross-amplifying inM. gallopro-
vincialis,M. edulis, andM. trossulus (Vidal et al. 2009).
In this study we aimed to develop microsatellite markers for
M. chilensis to be applied to the genetic management of its
populations and aquaculture stocks. Because classic taxonomic
studies have highlighted the difﬁculty of precisely distinguishing
the species of genusMytilus among each other (McDonald et al.
1991), we also tested the cross-ampliﬁcation of microsatellites
from M. chilensis in M. edulis, M. galloprovincialis, and M.
trossulus. This cross-priming conservation could help to clari-
fying the taxonomic status of M. chilensis, if its randomly
cloned microsatellites are either closer to M. edulis or to M.
galloprovincialis, or ifM. chilensis has its own taxonomic status
as full species within the genus Mytilus.
Genomic DNA was extracted from the mantle tissue of 24
wild individuals ofM. chilensis from the Chiloe´ region (Caicaen,
Puerto Montt), following the protocol FENOSALT for ﬁshes
and molluscs (Pe´rez & Presa 2011). A modiﬁcation of the
enrichment technique FIASCO (Zane et al. 2002) was used to
isolate microsatellites. Genomic DNA (250 ng) was digested
with MseI (New England Biolabs) at 37C for 3 h. Digested
DNA was ligated to 1 mM of MseI AFLP adaptor (5#-
TACTCAGGACTCAT-3#/5#-GACGATGAGTCCTGAG-
3#) using Ready-to-go T4 DNA ligase (GE Healthcare). The
ligation mixture was ampliﬁed in 40 mL consisting of 20 mL
diluted DNA (1:10), 13NH4 Reaction Buffer (Bioline), 200 mM
of each dNTP, 4 U Taq DNA Polymerase (BIOTAQ), and 240
ngAFLP adaptor-speciﬁc primer (MseI-N). The PCR consisted
of 26 cycles of 30 sec at 94C, 1 min at 53C, and 1 min at 72C.
About 750 ng (15 mL) of the ampliﬁed product was hybridized
to 80 pmol of the 5#-biotinylated probes (CA)13, (GATA)7, and
(GACA)7 because they are known to be the most frequent
motifs in molluscs (Cruz et al. 2005, Pe´rez et al. 2005), in
a volume of 100 mL containing 4.23SSC and 0.07% SDS. After
a denaturation step of 3 min at 95C, the annealing was
*Corresponding author. E-mail: montse.perez@vi.ieo.es
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performed at room temperature for 15 min. DNA molecules
hybridized to biotinylated oligonucleotides were selectively
captured by streptavidin-coated beads (Roche Diagnostics),
the remaining protocol being identical to that described by Zane
et al. (2002).
A cytochrome b amplicon ofMerluccius merlucciuswas used
tominimize the nonspeciﬁc binding of genomic DNA. The PCR
products of 2 elution steps were cloned into pGEM-T Easy
Vector System II (Promega). Inserts from 2,187 recombinant
clones (1,629 (CA)n, 315 (GATA)n, and 243 (GACA)n) were
ampliﬁed by PCR in 20 mL using 1 mL of 13 NH4 Reaction
Buffer (Bioline), 1.5 mM MgCl2, 20 pmol of each primer (T7
and SP6), and 1 U Taq DNA Polymerase (BIOTAQ). Inserts,
ranging from 350–1,100 bp were used for Southern blot transfer
and ﬁlter hybridization with the synthetic probes (AC)13,
(GATA)7, and (GACA)7. One hundred ninety-seven positive
clones (9%) were lysed, their plasmid puriﬁed using the GFX
Micro Plasmid Prep Kit (GE Healthcare), and then sequenced
on both strands in an ABI Prism 3100 Sequencer (Applied
Biosystems) using the BigDye Terminator method. One hun-
dred twenty-one clones (61.4%) contained repeated motifs (86
tetranucleotides: 21 (GACA)n and 65 (GATA)n, and 35 di-
nucleotides). Forty-three sequences (35.5%of all microsatellite-
containing sequences; 21.8% of the observed positives in
Southern blot, and 1.96% of the initial plated cultures) were
suitable for primer design using Oligo 4.05 (Rychlik & Rhoads
1989), and 30 microsatellite markers rendered an optimal PCR
ampliﬁcation.
Allelic variation was assessed in 24 individuals of M.
chilensis from Caicaen (Chile). An intragenus cross-priming
test was carried out on 12 individuals of each species M. edulis
(A˚rhus, Ronde, Denmark),M. trossulus (Eckelo, Finland), and
M. galloprovincialis (Vigo, Spain). About 100 ng per individ-
ual’s DNA was used in a PCR of 15 mL consisting of 1 U Taq
DNA Polymerase (BIOTAQ) in 13 NH4 Reaction Buffer
(Bioline), 20 pmol of each primer, 200 mM of each dNTP, and
MgCl2, ranging from 1.3–1.5 mM (Table 1). The ampliﬁcation
proﬁle consisted of 1 cycle at 95C for 5 min, followed by 35
cycles at the annealing temperature (Table 1) for 40 sec, 72C
for 1 min, and 94C for 1 min, ending with a extension step at
72C for 10 min. PCR products were visualized in 2% agarose
gels and electrophoresed in acrylamide gels using an AlfEx-
pressII sequencer (GE Healthcare). Alleles were characterized
using internal size standards (80–114–180–230–402 bp), as well
as external size controls from initial allele scorings of each
marker.
Figure 1. (A) Electropherograms of the allelic series observed in 5 microsatellites fromM. chilensis,M. edulis,M. trossulus, andM. galloprovincialis
with the genotyping system AlfExpressII (Amersham Biosciences). (B) Electropherograms of the allelic series observed in 4 microsatellites from
M. chilensis,M. edulis, M. trossulus, andM. galloprovincialis with the genotyping system AlfExpressII.
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Nine of 30 microsatellites were polymorphic in M. chilensis
(Table 1). GENEPOP 3.4 (Raymond & Rousset 1995) was used
to calculate observed and expected heterozygosities and to
perform Hardy-Weinberg tests. Any of the tests performed
between locus pairs for genotypic disequilibrium were signiﬁ-
cant (Fisher’s exact test, GENEPOP 3.4), suggesting the in-
dependence of the 9 polymorphic markers reported herein. The
putative presence of null alleles and other possible scoring
Figure 1. Continued
TABLE 1.
Ampliﬁcation characteristics for the 9 microsatellites characterized in M. chilensis.
Locus
Repeat
Motif Primer Sequences (5#–3#) T (C) MgCl2 (mM)
GenBank
Accession No.
Mch1 (CA)6 F: GAT GGC CGC ATC TGT AAT TC
x 52 1.5 JF894123
R: TGT CGC ATG CTC ATT TCT TC
Mch2 (GT)6 F: TAA TAA TTT AGA CAA GTG G
x 53 1.4 JF894124
R: GGA TAA GGT AAA GAG TGC
Mch3 (CAGA)8 F: AGA GGA GTT GCG ATG ATT
x 52 1.5 JF894125
R: CGA AGT TGT GGA GGG TAT
Mch4 (CAGA)6 F: ACC TGA AGC GGG AAG AA
x 52 1.3 JF894126
R: AAC CTG GAC TTT TTT TCT CA
Mch5 (CTGT)6 F: CTG TTG CTC AAT CCT TGC AG
x 52 1.4 JF894127
R: GCG AAA AAT AGG AAA AGA TAA GCA
Mch6 (GACA)10 F: CAA CGA AAC AAA CGG ACT GA
x 52 1.3 JF894128
R: TCA GTA AAC ATT GAA GTG GAG CA
Mch7 (CGGA)7 F: TTT CAA CTT GGC TAT CAT
x 54 1.4 JF894129
R: GGG GGT ATA CTG TTT TAC
Mch8 (CA)6 F: AAA CCT AAG TGC TGT TCA T
x 55 1.3 JF894130
R: CAT TTA TTC GTC TGT CAC A
Mch9 (GAAC)13 F: GGA CTG ACA AAC GAA T
x 50 1.2 JF894131
R: TGT TTT CTG GTC TGT GC
F, forward primer; MgCl2, PCR magnesium chloride; R, reverse primer;
x, oligonucleotide labeled with Cy5; T, PCR annealing temperature.
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errors were tested with MICRO-CHECKER (Van Oosterhout
et al. 2004). The number of alleles per locus ranged from 4–9,
and the observed heterozygosity ranged from 0.182–0.750.
Three loci showed a signiﬁcant deviation fromHardy-Weinberg
expectations (P# 0.05). The frequencies of putative null alleles
in those 3 loci as estimated with the method of Brookﬁeld1
(Brookﬁeld 1996) were as follows: Mch2, 0.289; Mch4, 0.322;
andMch7, 0.189. Although the inﬂuence of a small sample size
or other biological causes could underlie such Hardy-Weinberg
departures, the presence of null alleles seems to be a widespread
phenomenon in many types of markers so far applied inMytilus
(see, for example, Skibinski et al. (1983)). For instance, null
alleles were the probable cause of the large FIS ﬁgures reported
for the 6 microsatellites of M. trossulus (Gardestro¨m et al.
(2008), for 8 of 10 microsatellites of M. edulis (Lallias et al.
2009), and for 6 microsatellites widely applied in phylogeo-
graphic studies of M. galloprovincialis (see, for example, Diz
and Presa (2009)). Microsatellite identiﬁcations from data
mining on EST libraries of Mytilus sp. have been performed
in an attempt to characterize more stable ﬂanking regions
that could help to reduce priming failures and ensure higher
transferability among species. However, EST-derived polymor-
phic microsatellites so far described for bothM. galloprovincia-
lis (8 markers (Yu & Li 2007)) andM. californianus (9 markers
(Vidal et al. 2009)) showed signiﬁcant departures from Hardy-
Weinberg equilibrium at 6 of 8 and 5 of 9 loci, respectively.
Noteworthy, the use of null allele-containing loci in interspeciﬁc
cross-priming assays is only expected to worsen the per se high
intraspeciﬁc rate of ampliﬁcation failure. Consequently, the
development of microsatellites in blue mussels (and bivalves in
general) is at best useful within the cloning species, but it is
generally useless for interspeciﬁc introgression studies charac-
terizing hybrids or studying hybridization itself, as has been
previously claimed (Lallias et al. 2009).
The same PCR conditions used to amplify the 9 micro-
satellites in M. chilensis (Table 1) were applied in cross-
ampliﬁcation tests on 3 other species ofMytilus (Table 2 (Weir &
Cockerham 1984)). Of the 9 loci, 7 ampliﬁed in M. edulis, 6
in M. galloprovincialis, and 5 in M. trossulus (Table 1, Fig. 1).
The classic taxonomic literature describing Chilean marine
bivalves considered the ‘‘chorito quilmahue’’ as the single rep-
resentative of the genus Mytilus in Chile (Osorio et al. 1979).
South American blue mussels were reported to contain iso-
enzymatic alleles of the 3Mytilus species, but were morpholog-
ically more similar to M. edulis from the northern hemisphere
(McDonald et al. 1991). Later, the Chilean blue mussel was
proposed as anM. edulis subspecies (M. edulis chilensis) based on
divergence found with M. edulis and M. trossulus in morpho-
metric traits and PCR amplicons of the marker Glu-5 (Toro
1998).
Using factorial correspondence analyses on allozymic multi-
locus genotypes, Ca´rcamo et al. (2005) clearly identiﬁed 3
different gene pools corresponding to M. edulis, M. gallopro-
vincialis from the northern hemisphere, and the Chilean blue
mussel from Chiloe´, which was proposed for taxonomic re-
vision as M. galloprovincialis chilensis because of its genetic
proximity to M. galloprovincialis. During the past decade, the
species M. galloprovincialis was described in central Chile
(Biobio region) (Daguin & Borsa 2000, Tarifen˜o et al. 2005),
as well as in southern Chile (Toro et al. 2005). Recently,
Galleguillos et al. (2009) found that the distribution of
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morphometric traits to classify the Chilean blue mussel was highly
skewed by the size of specimens used, an additional bias to the
previously described latitudinal shell shape variation in this
species (Krapivka et al. 2007). The application of several genetic
markers on samples from the Biobio region (Galleguillos et al.
2009) gave evidence of the cohabitation of two blue mussel
species in Chile—M. chilensis and M. galloprovincialis—as has
also been recently observed with mitochondrial DNA markers
(M. Astorga, unpubl. data). Inspection of previous literature on
South American blue mussels suggests that different authors and
studies have probably sampled on different species or their
hybrids along the Chilean coast, thus reporting a different
taxonomic status forM. chilensis. Because interspeciﬁc alternate
patchiness is not an uncommon feature in bluemussels (Skibinski
1985) and the existence of at least M. galloprovincialis and M.
chilensis is conﬁrmed inChile, an interesting upcoming task is the
deﬁnition of their distribution patterns along the Chilean coast.
The microsatellites developed herein could be a useful tool
for assisting management and laboratory crosses in M.
chilensis aquaculture. Also, they would enforce further pop-
ulation genetic analyses ofM. chilensis aiming to describe ﬁner
genetic substructuring and dispersive patterns, as well as to
interpret this novel information in the light of previous
molecular scenarios (Toro et al. 2004). Currently, no evidence
of discrete stocks seems to exist along the Chilean coast, except
the divergence reported for the Punta Arenas population
(southern Chile) using allozymes (Toro et al. 2006). Although,
this phylogeographic homogeneity could be a natural sce-
nario, the homogenizing consequence of farming transplanta-
tion is not negligible with regard to anthropogenically
mediated gene ﬂow through seed transplantation into cultiva-
tion areas (Winter et al. 1984).
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Resumen 
El mejillón Mediterráneo Mytilus galloprovincialis se distribuye en los dos hemisferios, por 
lo que es considerada la especie más divergente del género Mytilus. La gran distribución 
geográfica de esta especie nos permitirá observar las propiedades de la diferenciación 
geográfica dentro de la unidad sistemática, así como aclarar las relaciones evolutivas de esta 
especie con el resto del género. Las relaciones genéticas entre las poblaciones de M. 
galloprovincialis en todo el mundo han sido analizadas con siete marcadores microsatélites. 
Se genotiparon quince poblaciones, diez de M. galloprovincialis (Marruecos, España, Japón, 
Australia, Sudáfrica y Chile), dos de híbridos entre M. galloprovincialis y M. trossulus 
(California, EEUU) y tres poblaciones de otras especies del género Mytilus, M. edulis 
(Dinamarca), M. chilensis (Chile) y M. trossulus (Canadá). Los parámetros de diferenciación 
genética FST y D mostraron una elevada varianza entre poblaciones de M. galloprovincialis y 
versus el resto de especies M. trossulus, M. chilensis y M. edulis (Dst±SD, 0.635±0.047, 
0.495±0.073 y 0.436±0.098, respectivamente), mientras que la diferenciación dentro de M. 
galloprovincialis fue de 0.284±0.092. El análisis de componentes principales (ACP; 40 % 
para la componente 1
a
 y 24% para la componente 2
a
) confirmó los resultados obtenidos para 
la diferenciación genética y reveló cuatro grandes grupos de poblaciones: 1) M. trossulus, 2) 
M. edulis 3) M. chilensis, y 4) M. galloprovincialis e híbridos. El análisis molecular de la 
varianza (AMOVA) entre el grupo de M. galloprovincialis y el resto de especies, M. trossulus 
M. edulis y M. chilensis reveló una variación de 24,16%, 10,22% y 6.17% respectivamente. 
La estructura genética de estas poblaciones calculada por el método de bayesiano BAPS 
demuestra la existencia de cinco pooles génicos de M. galloprovincialis en el mundo (1: 
Marruecos 2: Europa, Sudáfrica, Chile y California, 3: Mediterráneo, 4: Japón y 5: Australia) 
siendo este último y más divergente, y aparentemente formado por reunión de pooles génicos 
de distintas especies del género. 
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Résumé 
La moule méditerranéenne Mytilus galloprovincialis est distribuée dans les deux hémisphères, 
ainsi est considérée  l’espèce la plus divergente du genre Mytilus. L’immense distribution 
géographique de cette espèce nous permettra de bien noter les propriétés de la différentiation 
géographique à l’intérieur l’unité systématique, ainsi de clarifier la systématique et la relation 
évolutionnaire de cette espèce. Les relations génétiques entre les populations de M. 
galloprovincialis à travers le monde ont été analysées par sept marqueurs microsatellites. 
Quinze populations [Dix de M. galloprovincialis (Maroc, Espagne, Japon, Australie, Afrique 
du sud et Chile), deux susceptibles hybrides entre M. galloprovincialis et M. trossulus 
(Californie, USA) et trois populations d’autres espèces du genre Mytilus ; M. edulis 
(Danemark), M. chilensis (Chile) et M. trossulus (Canada)] ont été génotypées par ces 
marqueurs microsatellites afin de comparer la variation génétique à l’intérieur de  M. 
galloprovincialis et entre les espèces de genre Mytilus. Les paramètres de la différentiation 
génétique FST et D ont montré une large variation entre les populations de M. 
galloprovincialis et M. trossulus, M. chilensis et M. edulis (Dest±SD 0.635±0.047, 
0.495±0.073 et  0.436±0.098 respectivement), alors que la différentiation à l’intérieur de M. 
galloprovincialis était 0.284±0.092. L’analyse en composantes principales (ACP ; 40 % pour 
la composante 1 et 24 % pour la composante 2) a confirmé les résultats obtenus par la 
différentiation génétique et révélait trois groups majeurs : 1) M. trossulus ; 2) M. edulis et  M. 
chilensis ;  3) M. galloprovincialis et les hybrides. L’analyse moléculaire de la variation 
(AMOVA) entre le group de M. galloprovincialis et M. trossulus, M. edulis et  M. chilensis a 
révélé un pourcentage de variation de 24.16 %, 10.22 % et 6.17 %  respectivement.  La 
structure génétique des ces populations par méthode de l’Analyse Bayésienne de la Structure 
des Populations (BAPS) a montré l’existence de cinq pool génétiques de M. galloprovincialis 
à travers le monde (1 : Maroc, 2 : Europe, Afrique du sud, Chile et la Californie, 3 : 
Méditerrané, 4 : Japon et 5 : Australie) avec la présence du flux génique entre ces derniers et 
l’apparente mélange des diverses pools géniques de Mytilus en Australie.   
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Genetic divergence among world-wide stocks of Mytilus galloprovincialis: How many – 
How drifted?  
ABSTRACT 
The Mediterranean mussel Mytilus galloprovincialis is distributed in both hemispheres and is 
thought to be the most divergent species of the genus Mytilus. Several important reviews have 
been concerned with genetic and systematic aspects of this marine bivalve and its worldwide 
distribution. But clarifying the systematic and evolutionary relationships of this species is not 
straightforward since the wide geographical distribution of this species and its hybridisation 
deeply nuance the genetic differentiation within this species. Genetic relationships among M. 
galloprovincialis populations throughout the world were studied using seven microsatellites 
markers. Three distinct species (M. edulis, M. chilensis and M. trossulus) were used for 
comparison in order to get a clear overview of the genetic variation within M. 
galloprovincialis as well as between all the species of the Mytilus genus. The genetic 
differentiation parameter D has shown a large variation between the populations of M. 
galloprovincialis and M. trossulus, M. chilensis and M. edulis (D±SD, 0.635±0.047, 
0.495±0.073 and 0.436±0.098, respectively) while the differentiation within populations of M. 
galloprovincialis was 0.284±0.092. The principal component analysis (PCA, 40% and 24% of 
variation explained by components 1 and 2, respectively) confirmed the a priori ascription of 
species identifying new differentiation signals in four major groups: 1) M. trossulus, the most 
divergent species of the genus; 2) M. chilensis from southern Chilean coasts, 3) M. edulis and 
4) M. galloprovincialis and its hybrids with M. trossulus at California. These latter hybrids 
are patent within the M. galloprovincialis cluster as well as the Japanese samples lagging 
apart in this group. The percentage of variation (AMOVA) between M. galloprovincialis 
group and M. trossulus, M. edulis and M. chilensis was 24.16%, 10.22% and 6.17%, 
respectively. This congruence across analyses performed on microsatellite markers allows to 
quantify a realistic genetic divergence among all the species of the genus Mytilus. The genetic 
distribution of M. galloprovincialis as inferred from the bayesian method BAPS shows the 
existence of five gene pools:1) Morocco 2) Europe, South-Africa, Chile and California, 3) 
Mediterránean, 4) Japan and 5) Australia, being this latter the most divergent genetically and  
apparently formed by the admixture of gene pools from different Mytilus species.  
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Introduction 
Marine smooth-shelled mussels occurring in estuarine and ocean habitats are present at higher 
latitudes over template, sub-polar regions of all oceans and major seas of the world. They are 
considered as the most cosmopolitan of all marine genera. This widespread distribution, 
combined with the effects of local environments on shell shape (Seed 1968), has produced an 
exceedingly confusing taxonomy for species within the genus especially with the early 
taxonomy which was based on morphological features. Their taxonomy has been greatly held 
back by the lack of reliable characters. Full species status is warranted by the fact that each of 
these entities maintains its genetic integrity over large geographical areas in spite of 
hybridization in areas of overlap, and in the face of potential for long-distance dispersal by 
planktotrophic larvae (Koehn 1991). Although the majority of the genetic differences was 
accounted for by this systematic distinction, geographical differentiation was also detected 
within each species (Daguin and Borsa 2000). 
Three sibling species M. edulis L. 1758, M. trossulus Gould 1850, and M. galloprovincialis 
Lamarck 1819, have distinct but overlapping distributions. M. galloprovincialis is distributed 
throughout the Mediterranean and into the northeast Atlantic, with additional populations in 
California, Japan, South Africa, North Africa Australasia and Chile (McDonald et al. 1991, 
Sanjuan et al. 1997, Ouagajjou et al. 2011). M. edulis is found in the northeast and northwest 
Atlantic and has also been introduced to British Columbia for aquaculture (Heath et al. 1995). 
M. trossulus is circumpolar in the north Pacific, northwest Atlantic, and Baltic, but has not 
been unambiguously identified in the southern hemisphere (McDonald et al. 1991, Hilbish et 
al. 2000). Understanding the amount of gene flow affords insight into the demographic 
dynamics among innate populations. In general, larval dispersal ability and gene flow may be 
correlated with spatial distribution in marine mollusks (Johnson et al. 2001), including many 
shellfishes (Shaklee and Bentzen 1998). Most population genetic studies of marine 
invertebrates have focused on populations that are distributed along open coasts or island 
populations with discontinuous distributions separated by deep oceanic water. Genetic pools 
of the majority of extensively distributed species are hardly ever homogenous in their 
distribution area (Neigel 1997b; Reeb and Avise 1990; Hilbish 1996; Borsa et al. 1997b). A 
strong selection through local adaptation could be the main cause among several factors 
(Hedgecock 1986). Genetic partitioning in the marine environment, therefore, is thought to 
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occur primarily through ecological and geographic limitations such as dispersal capability, 
niche partitioning or local adaptation (Hedgecock 1986; Palumbi 1994). 
However, in contrast to the geographical continuity of the World Ocean, marine ecosystems 
may present zonation which often go along with marked gradients (temperature, salinity, 
light, etc) developing in general over vast stretches (Feral 2002). 
Microsatellite loci are commonly used as the genetic markers which may provide useful 
information at different levels to explore population structure, levels of gene flow and the 
genetics of closely related species. In spite of their usefulness, few reliable microsatellite 
markers have so far been published for M. galloprovincialis (Presa et al. 2002 (7 loci); Varela 
et al. 2007 (2 loci); Yu and Li 2007 (8 loci)). Microsatellite markers represent the most widely 
applicable DNA technology. Their variability makes them suitable in a variety of applications 
in aquaculture, particularly where genetic differentiation between populations may be limited. 
Potential applications in aquaculture include monitoring changes in genetic variation, as a 
consequence of different breeding strategies, parentage assignment, and estimation of 
relatedness between potential breeding pairs (Norris et al. 1999). 
The aim objective of this study is the reveal the arising biogeographical distribution of M. 
galloprovincialis from the analysis of microsatellites markers, in order to better understand 
the worldwide genetic variation of this specie. This provides insight into sustainable 
aquaculture and better genetic conservation of marine resources.  
Materials and methods 
Sampling 
To screen the genetic biodiversity of the mussel M. galloprovincialis around the world coasts, 
the sampling has been accomplished (14-45 individuals per sample) in a large intertidal areas 
emergent until the low tide of the Sea. Ten populations of M. galloprovincialis (Europe, 
Africa, Japan, Australia and Chile), two presumptive hybrids M. galloprovincialis-trossulus 
(California) and one population of M. edulis (Denmark), M. Trossulus (Canada) and M. 
Chilensis (Chile) (Table 1). The mantles fragments are conserved in ethanol 95% to preserve 
the DNA. 
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Molecular analysis 
Individuals DNA extraction with Resin Chelex protocol (Walsh et al. 1991). A total of 492 
mussels were genotyped with seven polymorphic microsatellites. Five previously described 
(Presa et al. 2002) Mgµ1 (H21), Mgu2 (63), Mgµ3 (M71), Mgµ4 (92), Mgµ5 (331) 
 
Table 1. Geographic location and codes for 15 samples of Mytilus (M. galloprovincialis, M. chilensis, M. 
trossolus - M. galloprovincialis hybrids, and M. edulis) analyzed in this study.  
Species Location Population Code Size Coordinates 
M. galloprovincialis Europe  
(Spain) 
Ribeira MgRi 40 42º32’N/08º59’W 
 Sanxenxo MgSa 40 42º23’N/08º48’W 
  Oropesa MgOr 37 40º08’N/00º15’E 
 
North Africa (Morocco) 
Nadour MgNd 45 35°39' N/03°03' W 
 El jadida MgJd 45 32º39’N/08º51’W 
 South Africa Capetown MgCt 14 33º54’S/18º27’E 
 South America (Chile) Dichato MgDi 30 36º32’S/72º47’W 
 Asia  
(Japan) 
Nojima MgNo 40 32º59’N/135º21’E 
 Yokohama MgJ 40 35º25’N/139º39’E 
 Autralia Cockburn MgCo 37 32º57’S/151º44’E 
M. chilensis South America (Chile) Caicaen MchCa 40 41º47’S/73º10’W 
M. trossulus North America (Canada) Vancouver MtVc 34 49º16’N/123º10’W 
Hybrids M. trossolus-
galloprovincialis 
North America (USA) California 
HgtMb 
HgtRf 
15 
15 
35º21’N/120º51’W 
37º57’N/122º29’W 
M. edulis Europe (Denmark) Kattegat MeKa 20 56º08’N/10º14’E 
 
and tested to genotype M. galloprovincialis from Iberian Peninsula (Diz and Presa 2008). One 
previously described (Ouagajjou et al. 2011) Mech8 (D10) which was tested to genotype M. 
galloprovincialis, M. chilensis, M. edulis and M. trossolus. One new unpublished Mgµ8 (D5) 
(forward 5’ ATGTCTCCTCAATCTGG 3’ and reverse 5’ AAATCGTTAAAAAGCAAT 3’) 
Temperature of annealing 55ºC and 1,7 (mM) of MgCl2. The PCR reactions conformed to 
those described in Presa et al. (2002) and Ouagajjou et al. (2011).  
PCR amplification consisted of an initial denaturising step of 95ºC for 5 min, followed by 35 
cycles at 94ºC for 1 min, 1 min at the annealing temperature, and 1 min at 72ºC for extension. 
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A final extension step was performed at 72ºC for 15 min. The amplified fragments were 
electrophoresed in an ALFexpress II automatic fragment analyser (GE Healthcare). Alleles 
were sized using molecular ladders, and null alleles were checked with FreeNA software 
(Chapuis and Estoup 2007). 
Data analysis 
The genetic parameters allelic frequencies, expected heterozygosity (HE), and the fixation 
index (FIS) were calculated by using Genepop 4 (Raymond and Rousset 1995, Rousset 2008). 
Also, the more recent index which has been shown to reliably reflect genetic differentiation 
between populations (Dest) was measured by using DEMEtics software (Gerlach et al. 2010) 
inplemented in R package version 2.12.1. The differences in population diversity between the 
Atlantic and the Alboran populations were measured using Fstat 3.9.5 (Goudet 1995). The 
analysis of molecular variance (AMOVA) (Excoffier et al. 1992) as implemented in Arlequin 
2.0 (Schneider et al. 1997) was used to calculate the genetic variance between the Atlantic and 
the Alboran populations. The global structuring of M. galloprovincialis populations in the 
Moroccan coats was performed by the Principal Components Analysis (PCA) by using the 
genotype matrix in the software GenALEx 6.41 version released in 2010 (Peakall and Smouse 
2006). A computer program for assessing statistical power when testing the null hypothesis 
(H0) for genetic homogeneity POWSIM 4 (Ryman and Palms 2006) was used to calculate the 
proportion of the significant outcomes (P<0.05) represents the estimate of power (the 
probability of rejecting the null hypothesis when it is false) and in similar way the estimates 
of the α (type I) error can be obtained. The program BAPS 4.14 (Corander and Tang 2007) is 
a program for Bayesian inference of the genetic structure in a population. It treats both the 
allele frequencies of the molecular markers (or nucleotide frequencies for DNA sequence 
data) and the number of genetically diverged groups in population as random variables. 
Results  
High levels of polymorphism were observed in M. galloprovincialis populations over all the 
microsatellites ( EH ±SD= 0.723±0.183, 0.781±0.186, 0.662±0.326 and 0.474±0.345 for M. 
galloprovincialis, M. chilensis, M. edulis and M. trossulus respectively). Four microsatellites 
(Mgµ1, Mgµ2, Mgµ4 and Mgµ8) exhibit over all populations of M .galloprovincialis 
heterozygosity level greater than 70%, where only Mgµ3 has shown an heterozygosity less or 
equal to 60% in all species except M. trossulus where it exceeds 80%. Distinguished Allele 
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richness and number of allele per locus have been observed between species, i.e M. 
galloprovincialis (Ā ± SD = 9.986 ± 4.366; R = 6.857), M. chilensis (Ā ± SD = 13.429 ± 
10.277; R = 8.486), M. edulis (Ā ± SD = 7.000 ± 4.435; R = 6.013) and M. trossulus (Ā ± SD 
= 5.286 ± 3.592; R = 4.076). Thirteen private alleles have been observed in M. 
galloprovincialis, nineteen in M. chilensis and one in both M. edulis and M. trossulus (Table 
2). 
  
 
Table 2. Genetic diversity of 7 microsatellites in 12 samples of Mytilus galloprovincialis and three other species of the genus Mytilus: M.trossolus (MtVc), M.chilensis (MchCA) and M.edulis 
(MeKa) and 2 Hybrides Mytilus galloprovincialis-M. trossolus (H-MB and H-RF). 
Population MgJd MgNd MgRi MgSa MgOr MgCt MgCo MgNo MgYo MgDi HgtMb HgtRf MtVc MchCa MeKa 
N 45 45 30 40 37 14 37 40 40 30 15 15 34 40 20 
Mgu1(21)                               
A (n) 16 (42) 18 (45) 10 (30) 9 (39) 13 (37) 5 (14) 8 (36) 9 (29) 9 (29) 1 1(30) 9 (14) 9 (15) 1 (34) 17 (40) 1 (20) 
A private 1 1 - - 1 - - - - 1 1 - - - - 
A mode size 138 138 144 144 142 144 126 144 144 144 132 128 146 146 146 
A size range 120-170 132-174 132-156 134-154 132-172 134-146 126-142 126-148 126-148 126-146 124-146 126-144 146 126-174 146 
A null allele 0.202 0.108 0.193 0.016 0.141 -0.004 0.09 0.267 0.222 0.272 0.209 0.221 - 0.124 - 
HE 0.866 0.882 0.754 0.493 0.872 0.659 0.66 0.86 0.796 0.857 0.852 0.84 0 0.928 0 
FIS 0.450* 0.244* 0.470* 0.064 0.318* 0.025 0.242 0.599* 0.523* 0.611* 0.497* 0.524* NA 0.273* NA 
Mgu2(63)                               
A (n) 19 (45) 24 (45) 16 (30) 16 (40) 6 (37) 8 (14) 9 (37) 12 (38) 11 (40)     10 (30) 10 (14) 7 (12) 1 (34) 35 (39) 14 (14) 
A private - 1 - - - - 1 - - 1 - - - 18 - 
A mode size 167 165 167 165 167 167 167 165 165 167 167 167 205 189195 227 
A size range 155-217 161-229 163-223 165-219 165-177 165-187 135-183 155-187 159-189 155-197 161-191 159-171 205 181-295 179-263 
A null allele 0,179 0,151 0,229 0,256 -0,027 0,019 0,171 0,185 0,168 0,222 0,181 0,325 - 0,151 0,211 
HE 0.882 0.873 0.883 0.867 0.293 0.854 0.842 0.76 0.756 0.733 0.876 0.788 0 0.98 0.953 
FIS 0.396* 0.338* 0.509* 0.567* -0.108 0.08 0.390* 0.446* 0.404* 0.545* 0.429 0.788*     NA 0.320* 0.476* 
Mgu3(71)                               
A (n) 5 (45) 5 (45) 6 (30) 5 (40) 2 (37) 3 (14) 6 (36) 2 (38) 2 (37) 4 (30) 2 (15) 3 (15) 6 (34) 4 (40) 3 (20) 
A private - - - - - - 1 - - - - - - 1 - 
A mode size 138 138 138 138 138 138 140 138 138 138 138 138 140 140 140 
A size range 132-142 132-142 138-142 138-144 138-140 136-140 132-142 138-140 138-140 132-142 138-140 138-142 132-144 138-146 138-144 
A null allele 0,027 0,070 -0,022 0,074 0,058 -0,035 -0,095 -0,014 0,050 0,128 0,105 0,186 0,371 0,017 0,142 
HE 0.629 0.538 0.641 0.576 0.238 0.536 0.63 0.38 0.401 0.582 0.514 0.588 0.8 0.405 0.536 
FIS 0.082 0.215 -0.04 0.219 0.319 -0.067 -0.234 -0.039 0.191 0.37 0.352 0.547 0.853* 0.074 0.44 
Mgu4(92)                               
A (n) 12 (42) 14 (45) 15 (30) 16 (40) 12 (37) 8 (14) 113 (37) 13 (40) 13 (39) 13 (30) 11 (15) 11 (15) 7 (34) 11 (40) 11 (20) 
A private - - 2 - - - - - 1 - 1 1 1 - - 
A mode size 167173 173 173 173 175 167 181 167 167 173 173 173 185 183 173 
A size range 165-189 163-189 155-199 129-191 165-187 165-189 165-189 155-197 151-189 167-197 153-197 159-189 161-191 167-189 165-189 
A null allele 0,159 0,135 0,145 0,148 0,045 0,035 0,100 0,169 0,115 0,150 0,110 0,090 0,146 0,034 0,089 
HE 0.884 0.914 0.853 0.895 0.825 0.734 0.878 0.851 0.84 0.864 0.912 0.869 0.493 0.823 0.893 
FIS 0.354* 0.295* 0.336* 0.329* 0.116 0.124 0.23 0.383*  0.268* 0.344* 0.269 0.233 0.463* 0.088 0.216 
Mgu5(331)                               
A (n) 10 (45) 14 (44) 11 (30) 11 (40) 10 (37) 7 (14) 7 (37) 8 (40) 8 (40) 7 (28) 6 (15) 6 (15) 7 (34) 10 (40) 7 (20) 
A private - 1 - - - - - - - - - - - - - 
A mode size 132 128 132 132 132 134 134 132 132 130 132 132 132 132 132 
A size range 122-140 116-146 122-142 118-144 118-140 130-146 126-142 130-144 130-144 122-140 130-142 130-142 118-134 116-140 122-136 
A null allele 0.063 0.145 0.036 0.162 0.001 0.102 0.184 0.138 -0.03 0.04 -0.004 0.112 -0.004 0.192 0.057 
HE 0.621 0.902 0.813 0.743 0.496 0.538 0.671 0.636 0.511 0.575 0.545 0.683 0.589 0.779 0.774 
FIS 0.178 0.320* 0.098 0.395* 0.019 0.337 0.476* 0.371 -0.077 0.131 0.022 0.317 0.002 0.454 0.16 
Mgu8(D5)                               
A (n) 8 (44) 13 (43) 14 (30) 15 (40) 14 (36) 10 (13) 15 (37) 13 (40) 14 (39) 12 (29) 11 (15) 12(11) 11 (32) 9 (40) 7 (20) 
A private - - - - - - - - - - - - - - 1 
A mode size 190 200 194 208 198 194 196 194 194 192202 196214 196 216 200 198 
A size range 190-206 188-214 190-220 186-216 190-216 186-212 190-218 190-216 192.22 190-214 186-218 192-216 186-216 188-206 184-202 
A null allele 0.096 0.125 0.069 0.106 0.009 0.133 0.053 0.047 0.013 0.07 0.073 -0.008 0.089 0.195 0.116 
HE 0.747 0.901 0.916 0.918 0.92 0.91 0.928 0.85 0.83 0.91 0.907 0.936 0.835 0.818 0.838 
FIS 0.239 0.278* 0.163 0.237* 0.034 0.324 0.126 0.117 0.042 0.166 0.192 0.029 0.214 0.450* 0.284 
Mgu10(D10)                               
A (n) 7 (44) 6 (43) 7 (30) 10 (40) 5 (36) 6 (13) 8 (37) 6 (40) 6 (40) 9 (29) 10 (15) 6 (11) 4 (32) 8 (40) 3 (20) 
A private 1 - - - - - - - - - 1 - - - - 
A mode size 203 203 203 203 203 203 203 201 201 203 199 201 199 203 203 
A size range 197-213 193-209 199-211 183-215 201-211 183-207 195-211 195-209 195-205 183-215 173-211 195-207 195-203 185-211 185-205 
A null allele 0.124 0.135 0.085 0.087 0.052 0.094 0.086 0.059 0.1 0.037 0.072 0.136 0.202 0.129 0,044 
HE 0.736 0.603 0.691 0.793 0.492 0.687 0.817 0.146 0.368 0.78 0.831 0.731 0.6 0.735 0.641 
FIS 0.305* 0.373 0.229 0.212 0.176 0.272 0.206 0.486 0.389 0.102 0.198 0.362 0.559* 0.32 0.142 
Note: Parameters presented: sample size (N), number of alleles (A), number of individuals genotyped (n), number of private alleles (A private), modal allele size (A mode size), size range (A size range), theoretical 
frequency of null alleles (A null allele), expected heterozygosity (HE), fixation index FIS (Weir and Cockerham 1984). P-value for Fis within samples (based on 10500 randomisations): Indicative adjusted nominal 
level (5%) = 0.00048. 
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(Ā ± SD = 5.286 ± 3.592; R = 4.076). Thirteen private alleles have been observed in M. 
galloprovincialis, nineteen in M. chilensis and one in both M. edulis and M. trossulus (Table 
2). 
Pairwise FST values ranged between 0.003 and 0.398 (Table 3), and different levels of 
differentiation have been revealed between the species, i.e. within M. galloprovincialis 
(0.102±0.044), between M. galloprovincialis and M. trossulus (0.320±0.040), M. 
galloprovincialis and M. chilensis (0.116±0.043) and between M. galloprovincialis and M. 
edulis (0.165±0.058). All the pairwise comparisons were significant except between the two 
hybrids, the Japanese populations, and also between some populations of M. galloprovincialis 
i.e. MgDi and Hgt-Rf (0.025) or MgRi and MgCt (0.040) that are not significant. The 
differentiation parameter DEST has shown high values ranged between 0.013 and 0.727 (Table 
3) but less rational to the sample size than FST. The genetic variation among M. 
galloprovincialis populations was high and significant (9.64%, p=0.00), but less than the 
variation between species (13.57%, p=0.00) (Table3). The variance between M. 
galloprovincialis and M. trossulus was highly large (23.01%, p=0.0019) comparing with M. 
edulis (9.19%) and M. chilensis (5.25%). Moreover the regional variation (between 
continents) was slightly significant (4.61%, p=0.0078), but between Hemispheres (North and 
South) was very weak and not significant (0.7%, p=0.258) (Table 4). 
Table 3: Pairwise estimates of differentiation (D, above diagonal) and gene flow (FST, below diagonal) between 
pairwise samples of M. galloprovincialis. All values except those bolded are significantly different from zero. 
Significance of D was derived from its 95% confidence interval (Appendix II). The signification threshold for 
FST was generated after 100 MC batches of 5,000 iterations each for alpha = 0.01.  
 
 
Dest/Fst 
MgJd MgNd MgRi MgSa MgOr MgCt MgCo MgNo MgYo MgDi HgtMb HgtRf MtVC MchCa MeKa 
MgJd 
 
0.22 0.222 0.281 0.292 0.335 0.353 0.371 0.352 0.329 0.246 0.296 0.584 0.389 0.279 
MgNd 0.051  0.244 0.337 0.365 0.365 0.381 0.45 0.447 0.366 0.373 0.389 0.684 0.387 0.341 
MgRi 0.047 0.041  0.077 0.223 0.145 0.301 0.229 0.228 0.177 0.247 0.16 0.645 0.451 0.322 
MgSa 0.08 0.085 0.013  0.328 0.228 0.267 0.24 0.217 0.206 0.247 0.213 0.611 0.466 0.399 
MgOr  0.098 0.131 0.095 0.138  0.409 0.439 0.42 0.424 0.275 0.332 0.218 0.682 0.47 0.386 
MgCt 0.103 0.08 0.04 0.056 0.174  0.304 0.289 0.264 0.307 0.394 0.367 0.727 0.571 0.495 
MgCo 0.094 0.09 0.082 0.098 0.179 0.092  0.365 0.385 0.296 0.215 0.225 0.645 0.466 0.507 
MgNo 0.132 0.156 0.114 0.101 0.204 0.144 0.14  0.013 0.317 0.269 0.202 0.648 0.603 0.586 
MgYo 0.113 0.146 0.095 0.078 0.186 0.133 0.138 0.003  0.319 0.259 0.25 0.637 0.611 0.582 
MgDi 0.083 0.085 0.046 0.055 0.12 0.101 0.098 0.123 0.115  0.272 0.105 0.619 0.499 0.412 
HgtMb 0.047 0.081 0.053 0.067 0.121 0.122 0.065 0.099 0.079 0.064  0.066 0.561 0.536 0.486 
HgtRf 0.057 0.082 0.042 0.062 0.094 0.114 0.073 0.068 0.069 0.025 0.003  0.583 0.491 0.433 
MtVC  0.268 0.284 0.296 0.298 0.398 0.361 0.304 0.347 0.337 0.305 0.288 0.31  0.549 0.471 
MchCa 0.072 0.067 0.078 0.1 0.174 0.126 0.084 0.178 0.167 0.113 0.09 0.093 0.259  0.288 
MeKa 0.095 0.092 0.112 0.153 0.223 0.163 0.173 0.252 0.238 0.146 0.155 0.158 0.249 0.094   
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The principal coordinate analysis (PCA) has separated M. galloprovincialis populations from 
the three other species regarding the coordinate 1 which represent 40% of variation. 
Moreover, M. trossulus was the most separated population while M. chilensis was the 
intermediate form between M. galloprovincialis and M. edulis. The second coordinate (24%) 
has revealed a slight separation within M. galloprovincialis populations, i.e. the large 
divergence of the Japanese population from the rest, and the medium form of the presumptive 
hybrids between the Japanese populations and the other population (Figure 1).  
The Neighbor-Joining phylogenetic tree computing Nei’s genetic distances average over all 
loci using BAPs software has illustrated a strong divergence of M. trossulus, M. edulis and M. 
chilensis from M. galloprovincialis (Figure 2). Within M. galloprovincialis high divergence 
of Australian and Japanese populations has been observed, while the European, South African 
and Chilean mussels were grouped as one major subpopulation (including the hybrids). 
Table 4. Hierarchical Analysis of Molecular Variance (AMOVA) scored at different geographic levels and 
taxonomic status within Mytilus. The asterisk indicates that the probability based on 1023 permutations that the 
observed value were equal or smaller than that expected by random is P ≤ 0.01; ns: not significant. 
Source of variance d.f Sum of squares 
Variance 
components 
Percentage of 
variation Fixation Indices 
M. galloprovincialis 
    
  
Among populations 11 216.636 0.259 9.64 FST = 0.096
* 
Among individuals within populations 376 1153.357 0.63 23.37 FIS = 0.258
* 
Within individuals 388 701 0.63 66.99 FIT  = 0.330
* 
Total 775 2070.994 2.696     
Geographic (regional differentiation) 
   
  
Among groups 5 141.122 0.125 4.61 FCT = 0.046
* 
Among populations within groups 6 75.514 0.151 5.57 FSC = 0.058
* 
Among individuals within populations 376 1153.357 0.63 23.23 FIS = 0.258
* 
Within individuals 388 701 1.806 66.59 FIT  = 0.334
* 
Geographic (North vs South Hemisphers) 
   
  
Among groups 1 24.11 0.019 0.7 FCT = 0.007
ns 
Among populations within groups 10 192.526 0.252 9.34 FSC = 0.094
* 
Among individuals within populations 376 1153.357 0.63 23.27 FIS = 0.258
* 
Within individuals 388 701 1.806 66.69 FIT  = 0.333
* 
total variance           
Among populations 14 376.765 0.374 13.57 FST = 0.135
* 
Within populations 467 1414.498 0.642 23.27 FIS = 0.269
* 
Within individuals 482 840.5 1.743 63.16 FIT  = 0.368
* 
total  963 2631.763 2.761 
 
  
M. galloprovincialis vs (M. chilensis, M. edulis and M. trossulus)     
Among groups 1 83.69 0.197 6.82 FCT = 0.068
* 
Among populations within groups 13 293.075 0.307 10.64 FSC = 0.114
* 
Among individuals within populations 467 1414.498 0.642 22.22 FIS = 0.269
* 
Within individuals 482 840.5 1.743 60.32 FIT  = 0.396
* 
M. galloprovincialis vs M. chilensis           
Among groups 1 60.988 0.15 5.25 FCT =  0.052* 
Among populations within groups 12 216.636 0.228 7.98 FSC =  0.084* 
Among individuals within populations 454 1426.857 0.659 23.02 FIS   = 0.265* 
Within individuals 468 854 1.824 63.75 FIT  =  0.362
* 
M. galloprovincialis vs M. edulis 
    
  
Among groups 1 52.292 0.267 9.19 FCT = 0.091
* 
Among populations within groups 12 216.636 0.242 8.33 FSC = 0.091
* 
Among individuals within populations 414 1250.757 0.618 21.21 FIS = 0.257
* 
Within individuals 428 764 1.785 61.27 FIT = 0.387
* 
M. galloprovincialis vs M. trossulus           
Among groups 1 195.329 0.761 23.01 FCT =  0.230
* 
Among populations within groups 12 216.636 0.234 7.09 FSC =  0.092
* 
Among individuals within populations 442 1304.74 0.638 19.28 FIS =  0.275
* 
Within individuals 456 764 1.675 50.62 FIT = 0.493
* 
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Figure 1. Principal coordinates analysis calculated by genetic distance between the populations. 
The Moroccan mussels are quiet differentiated from this major subpopulation, while the 
Mediterranean mussels seem to be more divergent from both.   
  
Figure 2. Phylogenetic relationship among the identified clusters using Neighbor-Joining tree based on Nei’s 
distance (averaged over loci) by using the software BAPS 5.3 
To investigate the genetic structure more precisely within all M. galloprovincialis populations 
and between Mytilus species at a finer scale, we performed an admixture analysis conditional 
on the optional genetic mixture estimates from the groups of individual level analysis. The 
strongest mean pairwise divergence value (regarding Nei genetic distance) was located 
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between M. galloprovincialis and the control species, M. trossulus (1.152), M. edulis (0.657) 
and M. chilensis (0.506) (Figure 3). The mean pairwise divergence value within M. 
galloprovincialis has revealed five distinct gene pools, where the highest divergence was 
between the Mediterranean sample (MgOr) and the Australian one (MgCo) (0.628). The 
largest gene pool has included the European (MgRi and MgSa), South African (MgCt), 
Chilean (MgDi) and the presumptive hybrids (Hgt-Mb and Hgt-Rf). Gene flow has been 
occurred between the majorities of gene pools as shown by introgression of alleles of one 
gene pool into another (Figure 3). Only significant admixture estimates were showed using a 
specified threshold for p value (5%). 
 
 
Figure 3. Posterior estimates of the admixture for the fifteen population with seven microsatellite loci using 
BAPS 5.3. The estimated admixture threshold P-value = 5%. 
Discussion 
Previous studies on M. galloprovincialis using different types of genetic markers have 
revealed distinguished level of polymorphism; HE= 0.770 using six microsatellites in the 
Iberian coasts (Diz and Presa 2008), HE= 0.552 using seven microsatellites on the Moroccan 
coasts (Ouagajjou et al. 2012) and HE= 0.350 by using 15 allozymes (Quesada et al. 1995a). 
The gene diversity revealed herein (0.723) (Table 2) was predictable since it is an ordinary 
phenomenon in marine bivalves (Vadopalas et al. 2004, Huvet at al. 2000). Earlier studies 
have shown the existence of the heterozygote deficiency in M. galloprovincialis by using 
microsatellites (Ouagajjou et al. 2013, Diz and Presa 2008). This phenomenon has been also 
made in evidence by allozymes or nuclear DNA markers (Daguin and Borsa 1999, Koehn 
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1991, Sanjuan et al. 1994, Gosling and Wilkins 1981). The heterozygote deficiency is 
common fact in marine bivalves (Raymond et al. 1997, Ríos et al. 2002) and also in marine 
organisms (Singh and Green 1984). Here, the mean values of FIS observed in this study were 
ranged from (Mean FIS ± SD = 0.193 ± 0.116 to 0.398 ± 0.213). This weak amount of 
observed heterozygotes (especially at loci Mgµ1 and Mgµ2), prove the omnipresent 
occurrence of deviations from Hardy-Weinberg equilibrium, due exclusively to an obvious 
deficit of heterozygotes (Table.2). As reported in large number of literature, this deficiency 
has various explanations; the genotyping errors have been found at appreciable levels (0.2-
15% per locus) in many studies (Pompanon et al. 2005). These errors can be stochastic like 
Allelic dropout or false alleles (Johnson and Haydon 2007) (this explanation can be discarded 
regarding high sample size used and the careful scoring of genotypes), or systematic (Null 
alleles) due to primer site sequence variation, which are very common in molluscan 
microsatellites (Hedgecock et al. 2004). Many other reasons can explain this fact, like 
selection (Zouros and Foltz 1984, Ridgway 2001), a Wahlund effect (David et al. 1997), 
inbreeding and genotype-independent spawning (Ríos et al. 1996). 
Genetic divergence between regional stocks of M. galloprovincialis  
The majority of all estimates pairwise comparison was significant for both DEST (Jost 2008) 
and FST (Weir and Cockerham 1984) parameters, except between Japanese populations. FST 
was more conservative and showed less significance than DEST where we observed more no 
significant estimates pairewises (Table 3). The no significant differentiation observed herein 
could suggest a limitation of power because of lower sample sizes of the Iberian (MgRi) and 
South African (MgCt).  
Many previous studies have shown a prominent genetic variation within M. galloprovincialis 
populations in different localities. For instance, very recent microsatellites markers study 
(Chapter II), has revealed high level of genetic variation (7.01%, p = 0.014) within 
populations from North African (Morocco), Mediterranean and Iberian coasts. On the other 
hand, another study using microsatellites have demonstrated a larger proportion of variation 
(2.81%, p = 0.023) between Atlantic, Alboran and Mediterranean population (Diz and Presa 
2008). Subsequently, the large amount of genetic variation revealed at world scale (9.64%, p 
= 0.00) is an expected proportion due to the macrogeographical scale studied (Table 4). 
For more depth understanding of evolutionary process that shapes the genetic composition of 
species, the phylogenetic inference is required. The neighbor-joining tree reveals a strong 
difference especially within M. galloprovincialis populations, for instance the clear distinction 
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between the Mediterranean and Moroccan and the other populations (Figure 3). Regarding its 
significant interpopulation genetic differentiation DEST, these populations (Mediterranean and 
Moroccan) were clearly separated into well-supported phylogenetic branches (Figure 2). 
Preceding work on M. galloprovincialis along Moroccan coasts (Ouagajjou et al. 2010, 
Chapter II) has described the existence of a genetic break point in Gibraltar Strait by using 
microsatellites, whose some of them are being used in this study.  The clear genetic 
differentiation of the Mediterranean from the Moroccan and the Iberian gene pools clarifies –
in congruence with Allozymes and mtDNA markers- the existence of an oceanographic 
barrier (Almeria-Oran Oceanographic Front) between the Atlantic and the Mediterranean 
regions (Sanjuan et al. 1994, 1997, Quesada et al. 1995a, b, Jaziri and Benazzou 2002, 
Ouagajjou et al 2010, 2013). This partial isolation (limited gene flow) could be due to large 
climatic-eustatic oscillations in the Mediterranean basin during the Pliocene and Quaternary 
periods (Sanjuan et al. 1997) and a combination of selective pressures and water mass 
differences.  
For a Bayesian inference of hidden genetic population structures, the Bayesian Analysis of 
Populations Structure (BAPS 5) threats both the allele frequencies of the molecular marker 
and the number of genetically diverged groups in population as random variables. Contrary to 
phylogenetic inference, the Bayesian method provides an estimation of gene flow rate 
between populations and confirmed a high genetic variation within M. galloprovincialis. It 
explains well not only the genetic relationship among Mytilus spp, but likewise it illustrates 
also the number of gene pools of M. galloprovincialis existing around the world (figure 3). By 
using allozymes three distinct genetic pools around the world (Mediterranean, Atlantic 
European-South African and the Australian) have been made in evidence (Sanjuan et al. 
1997). Five genetic pools were unveiled by the microsatellites used herein, and the highest 
divergence has been occurred between the Mediterranean and the Australian samples; which 
coincide with the study established by DNA markers (Daguin et al. 2000) or by Allozymes 
(Sanjuan et al. 1997).  
Phylogeographic studies using molecular markers in living populations strongly support the 
hypothesis that American and the South African population species are derived, and largely 
isolated, from European populations. The introduction hypothesis to areas far removed from 
its origin can explain the large ingathering of populations from Europe, South Africa, South 
America and Californian hybrids in one gene pool. The strikingly similarity existing between 
these populations in both genetically and morphologically sides, support also strongly the 
hypothesis of introduction regarding the long history of trading between these continents 
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(Seed 1992).  The occurrence of Mytilus like fossils in South America (Johnson, 1976) and in 
North American pacific (Sarver and Foltz 1993) led to speculation that populations from these 
regions could be native rather than introduced. However, the possibility that native 
populations could have interbred or been displaced by the introduced mussels of Northern 
origin, still remains. Alternatively, antique natural migration of many marine species, 
including Mytilus (Palumbi and Kessing 1991) could be also suggested to explain this high 
similarity between these populations.  
M. galloprovincialis populations from Australia and Japan were highly divergent from the 
other gene pools (figure 2). The existence of fossils in Australia (Kerrison and Binns 1984) 
would tend to diminish the possibility of human introduction (McDonald et al. 1991) and the 
possible trans-arctic migration from the Atlantic European coasts which represent the origin 
(Koehn 1991) into the Pacific coasts. The introduced M. galloprovincialis have displaced the 
native Australian Mytilus or introgressed with the latter (Seed 1992) which can explain the 
genetic heterogeneity of the Australian samples. The absence of fossils in Japan (Grant and 
Cherry 1985) led to an ancient human introduction in the Japanese coasts (Wilkins et al. 
1983). The long period isolation between the introduced and the originated population could 
explain this prominent divergence due to high potential of dispersal during the pelagic larval 
development and their population sizes. The trans-equatorial migration between the North and 
the South pacific (proposed by Sanjuan et al. 1997) is not promoted herein because of the 
present divergence between the Japan and the Australian populations (two different clusters). 
Genetic differentiation between Mytilus species  
All estimates of relative genetic differentiation FST and DEST between species were significant. 
The amount of significance revealed herein explains the high genetic differentiation existing 
either within M. galloprovincialis (intraspecific) or between species (interspecific). The 
analysis of the principal component behavior, gave us a clear idea about the genetic 
relationship between the four species used in this study. For instance, the high divergence of 
M. trossulus from the samples of M. galloprovincialis is a predictable phenomenon since 
previous studies have considered them as the most taxonomically distinct species using DNA, 
allozyme or morphometrics markers (Beynon and Skibinski 1996, McDonald amd Koehn 
1988, Väinölä and Hvilsom 1991). The lack of introgression between these two species 
(Rowson et al. 1999) explains their high taxonomic distinction. Nevertheless, the high degree 
of genetic incompatibility between M. galloprovincialis and M. trossulus, which may lead to 
lower hybrid fitness (Hgt-Mb and Hgt-Rf in our study), that put in plain words why the 
Chapter IV                                                                                                                                                                                                                                                                             
 
97 
 
hybrids are set with M. galloprovincialis group with a slight divergence regarding the second 
component axis (Figure 1). The high genetic variance (AMOVA) observed between these two 
species (23.01%, p=0.0019), enlightens more this divergence existing between M. 
galloprovincialis and M. trossulus. On the other hand, M. edulis represents an intermediate 
form of M. galloprovincialis and M. trossulus (Figure 1), which has been well explained by 
the amount of genetic variance observed in the table 3 (9.19%). This intermediation of M. 
edulis regarding genetic variation has been explicated in many previous studies. First, M. 
edulis and M. galloprovincialis are a sister taxa (FST = 0.109, p = 0.001 data not shown) 
which probably began to diverge about 2 million years and have exchanged genes through 
hybridization in natural populations (Rowson and Hilbish 1995b). Second, The strong 
introgression of alleles from M. trossulus into M. edulis (Kijewski et al. 2006; Bierne et al. 
2003b); M. trossulus is more distantly related from M. galloprovincialis and M. edulis (FST = 
0.235, p = 0.001 and FST = 0.249, p = 0.001 respectively, data not shown) and has probably 
been diverging from the other two species for about 3.5 million years (Rawson and Hilbish 
1998, 1995b, Vermeij 1991). Third, M. edulis populations could contain immegrants and 
backcrosses from both, M. galloprovincialis and M. trossulus (Luttikhuizen et al. 2002). 
Whereas, this evolutionary scenario is in agreement with previous study using microsatellites 
(Pérez and Presa 2007) that situate M. galloprovincialis and M. edulis as the most closely 
related species of this genus. Many biotic and abiotic mechanisms could be given to explain 
the maintenance of the genetic integrity of these three species. For instance, the reproductive 
cycles occur in areas where the species are sympatric (Sarver and Foltz 1993). The action of 
natural selection can also produce the genetic differentiation among present environments 
(Varvio et al. 1988).  
Furthermore, M. chilensis has been demonstrated in our previous study (Ouagajjou et al. 
2011) as an intermediate form between M. galloprovincialis and M. edulis by using 
microsatellites. During the past decade, the species M. galloprovincialis was described in 
central and Southern Chile (Daguin and Borsa 2000, Tarifeño et al. 2005 Toro et al. 2005). 
The application of several genetic markers on samples (Galleguillos et al. 2009) gave 
evidence of the cohabitation of two blue mussel species in Chile as has also been recently 
observed with mitochondrial DNA markers (M. Astorga, unpubl. data). The taxonomic 
identity of mussels has been studied with thirty allozymes (Cárcamo et al. 2005) and has 
revealed that South American samples were genetically close to European M. 
galloprovincialis than to M. edulis but having particular and characteristic allele frequencies. 
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Conclusions 
Tenant en compte les principaux objectifs de cette thèse, les résultats ainsi obtenu peuvent 
être récapitulé comme suivant. 
La diversité génétique et la phylogénie des populations Marocaines 
Les moules du littoral marocain appartiennent exclusivement au taxon M. galloprovincialis, 
depuis l’extrémité de la Mer d’Alboran (Nador) jusqu’aux zones les plus confinées du Sahara 
marocain (baie de Dakhla) sur le littoral Atlantique. Ces résultats octroient avec les études 
antérieures conquis par marqueurs allozymiques, mitochondriaux et nucléaires (Jaziri and 
Bennazzou 2002 ; Comesaña et al. 1998 ; Daguin and Borsa 1999). Les marqueurs type 
microsatellites ont révélés une phylogénie complètement différents aux ces études 
antécédentes, du fait qu’il existe une barrière génétique au détroit du Gibraltar qui sépare les 
populations de l’Alboran du celles de l’Atlantique. Cette continuité très réduite du flux 
génique entre les deux bassins semble être affectée par la restriction de la dispersion spatiale 
des larves autour du détroit de Gibraltar principalement à cause des courants océaniques. Les 
populations Atlantique Ibériques tendent en continuité jusqu’à l’extrémité de la Mer 
d’Alboran (Almeria-Espagne) puis les courants de la Mer d’Alboran s’en découlent d’une 
manière anticyclonal vers le nord du Maroc ce qui permette une homogénéisation des 
populations de cette façade. En outre, les populations de l’Atlantique tendent d’une façon 
continue du nord (Tanger) jusqu’au sud (Dakhla) affecté par le courant océanique Atlantique 
du Canarie dérivés du « Gulf Stream ».  
La structure génétique globale des populations de M. galloprovincialis distribué autour du 
Monde  
L’immense distribution géographique de cette espèce nous permet de bien étudier la 
différentiation géographique à l’intérieur l’unité systématique, ainsi de clarifier la 
systématique et la relation évolutionnaire de cette espèce à travers le monde. Cinq pools 
génétiques ont été révélés par méthode de l’Analyse Bayésienne de la Structure des 
Populations (BAPS) selon les marqueurs microsatellites. Cluster 1 (Maroc), Cluster 
2 (Europe, Afrique du sud, Chile et la Californie), Cluster 3 (Méditerrané), Cluster 4 (Japon) 
et Cluster 5 (Australie), avec la présence du flux génique entre ces différentes structures 
génétiques. Les études phylogéographiques en utilisant les marqueurs moléculaires ont 
suggéré plusieurs hypothèses afin d’expliquer telles divergence ou similarité entre les 
Concluions et Perspectives 
108 
 
populations de M. galloprovincialis. L’introduction dans des zones loin de leur origine, 
l’hybridation avec les populations natives et/ou le remplacement de ces dernières, et l’antique 
migration naturelle peuvent être suggérer pour expliquer la similarité génétique entre certaines 
populations (Cluster 2). En outre, la divergence élevée entre les clusters a été expliqué par soit 
l’existence des barrières (isolation partielle) due aux larges oscillations climato-eustatiques et 
des pressions sélectives (Sanjuan et al. 1997), ou soit à l’existence des fossiles ce qui diminue 
la possibilité de l’introduction humaine ou de la migration transarctique.    
Caractérisation moléculaire de l’espèce Mytilus chilensis  
L’utilisation des marqueurs allozymiques à permet l’identification de trois pools génétique 
qui correspondent à M. edulis, M. galloprovincialis dans l’hémisphère nord et la moule 
chilienne dans les côtes du Chile (Cárcamo et al. 2005), qui a été proposer comme M. 
galloprovincialis-chilensis à cause de sa proximité génétique à M. galloprovincialis. 
L’application de plusieurs marqueurs génétiques sur les moules chiliennes a mis en évidence 
la cohabitation de deux espèces - M. chilensis et M. galloprovincialis— dans les côtes du 
Chile (Galleguillos et al. 2009). Les microsatellites isolés dans ce travail on tune déficience de 
cross-amplification dans les autres espèces de même genre (Mytilus), ainsi que la moule des 
côtes du Chile mérite son propre statut taxonomique. Ces microsatellites peuvent être 
considérés comme des marqueurs puissant pour toute étude de la génétique des populations – 
surtout au Maroc – afin de bien approfondir nos connaissance génétique des ressources 
naturelles marines. D’autre côté, ils peuvent renforcer la traçabilité des organismes naturels et 
cultivés dans les côtes ou l’aquaculture s’exerce d’une manière intense afin de maintenir une 
aquaculture durable. 
L’ensemble des ces études et techniques constituent une base scientifique à l’échelle 
moléculaire pour toute étude dans l’avenir sur les Mytilidae dans les côtes marocaines et 
même mondiale. D’une part, la systématique et la structure génétique des moules distribuées 
au long des côtes du Maroc sont devenus maintenant plus claires qu’avant. Subséquemment, 
la gestion et la maintenance de ces ressources halieutique nous permettront de bien améliorer 
le secteur de l’aquaculture au futur surtout dans l’agenda « Halieutis 2020 ». D’autre part, à 
l’échelle mondiale, les populations marocaines deviendront des populations de références 
pour toute étude sur les moules, et ceci à cause de la structure génétique distincte de ces 
dernières par rapport aux autres pools génétiques distribués au long des deux hémisphères. 
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Perspectives  
L’application des marqueurs microsatellites isolés à partir de Mytilus galloprovincialis et 
autres (ITS1, Adhesive protein gene, RFLP and séquençage des gènes du Cytochrome 
Oxydase I dans l’ADN mitochondriale) dans l’ensemble des études citées dans cette thèse a 
permis, i.e., l’éclaircissement de la systématique des moules qui résident dans les côtes 
marocaines, la révélation des différents pools géniques existant au long des côtes mondiales et 
aussi la détection de l’hybridation entre les deux espèces M. galloprovincialis et P. perna 
dans les zones où ils se chevauchent.  
De point de vue génétique, il est important d’isoler d’autres marqueurs microsatellites à partir 
des populations marocaines et leur application sur plus de populations surtout entre les deux 
façades (Atlantique et Alboran) afin bien éclaircir les propriétés biogéographiques de la 
barrière du flux génétique au niveau du détroit de Gibraltar. D’autre part, il est important 
d’étudier la ségrégation de ces marqueurs dans la descendance afin de comprendre leur 
stabilité au cours des générations. La sélection d’autres marqueurs plus puissants et 
informatifs est ainsi devenue primordiale pour étudier l’hybridation interspécifique dans les 
zones de chevauchement. 
Sur le plan écologique, il s’est avéré à partir de ces études qu’il est strictement important de 
comprendre les facteurs biologiques et physiques influant la distribution de M. 
galloprovincialis autour du monde. Étant donné qu’il existe cinq pools géniques au long des 
côtes mondiales, la compréhension de la structure biogéographique de ces pools permettra de 
bien évaluer la relation entre les différentes populations dans les deux hémisphères nord et 
sud. Pareillement, il est indispensable de bien comprendre les causes évolutives et 
écologiques permettant l’occurrence de telle hybridation entre deux espèces appartenant aux 
genres différents.  
Sur le plan aquacole, l’amélioration de telles techniques génétiques est directement liée au 
développement de secteur aquacole au Maroc. Les techniques moléculaires sont des outils 
récents utilisés pour la bonne maitrise de la gestion et le maintien de la mytiliculture, destinée 
à une exploitation durable et rendable pour les marché nationaux et internationaux. Par 
ailleurs, le développement de ces marqueurs génétiques permettent la traçabilité commerciale 
au Maroc et ailleurs afin d’anticiper le fau étiquetage des produit marines.    
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La compréhension de la génétique et la phylogénie des moules distribuées dans les côtes 
marocaines, permet de bien gérer ces ressources naturelles dans les deux sens économique et 
environnemental. Au regard de cette analyse préliminaire et en l’état actuel des connaissances 
scientifiques et économiques, on peut constater que le secteur d’aquaculture au Maroc 
possède des potentialités considérables mais son développement se heurte à des multiples 
contraintes. L’activité aquacole englobe trois principaux types d’élevages, en mer dans un 
milieu protégé (lagune ou estuaire), dans des bassins proches de la mer en pompant de l’eau 
(baies) et enfin dans des cages en offshore (pleine mer). L’aquaculture marocaine concerne 
une dizaine d’exploitations pour une production entre 1000 et 1500 tonnes/an dont les 
poissons représentent 88% et les coquillages 12%. L’élevage des coquillages est réalisé dans 
trois principales lagunes en l’occurrence (Oualidia, Nador et récemment Laayoune). Afin de 
diversifier cette production conchylicole quelques essais d’élevage de la moules 
(Mytiliculture) ont été nouvellement entrepris (Ministère des finance et de la privatisation 
2006). Actuellement, la production conchylicole se situe à près de 300 tonnes/an dont une 
grande partie est commercialisée sur le marché local. 
Cette étude a été consacré principalement pour la compréhension de la génétique des moules 
« Mytilus galloprovincilais » et leur distribution au large des côtes marocaines. La 
conservation de cette ressource était parmi les principaux objectifs pour plusieurs pays dont la 
culture des moules fait partie de leur structure économique et scientifique. L’importance de la 
diversité génétique, la conservation et son exploitation sont les aspects majeurs pour une 
production continue et durable de ces ressources. 
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